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Page  1564,  "Columbus,  Ohio",  should  not  have  been  listed  under  "Slow 
Sand  Filter  Plants",  but  vmder  "Rapid  Sand  Filter  Plants".  The 
cost  given  is  exclusive  of  land,  but  includes  both  a  high-  and  a 
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AMERICAN  SOCIETY  OF  CIVIL  ENGINEERS 

INSTITUTED     1852 


TRANSACTIONS 


This  Society  is  not  responsible  for  any  statement  made  or  opinion  expressed 
in  its  publications. 


Paper   No.    1403 

THE  CAPE  COD  CANAL* 

By  William  Barclay  Parsons,  M.  Am.  Soc.  C.  E. 


With  Discussion  by  Messrs.  Clemens  Herschel^  T.  Kennard  Thomson, 
AND  William  Barclay  Parsons. 


Synopsis. 


The  Cape  Cod  Canal  joins  Cape  Cod  Bay  with  the  waters  adjacent 
to  Long  Island  Sound,  traversing  the  narrow  isthmus  of  Cape  Cod. 
It  has  a  length  of  8  miles,  with  dredged  approach  channels  5  miles 
long.  The  minimum  width  of  the  canal  is  100  ft.,  the  maximum, 
300  ft.,  and  the  depth  at  low  water,  25  ft. 

This  canal  was  suggested  for  commercial  and  naval  use  300  years 
ago.  The  project,  originally  a  colonial  one,  subsequently  became  a 
national  one,  and  finally  was  carried  out  by  private  capital.  It  has 
been  in  successful  operation  since  the  summer  of  1914,  and  is  now 
used  by  commercial  and  naval  vessels. 

Part  I  of  this  paper  is  devoted  to  history  and  location,  and  contains 
considerable  data  on  construction.  Part  II  is  devoted  entirely  to 
hydraulics.  The  canal  is  the  largest  open  artificial  waterway  connect- 
ing two  seas  having  non-synchronous  tides. 


Presented  at  the  meeting  of  October  3d,  1917. 


a  THE   CAPE   COD   CANAL 

PAET    I. 

The  southeast  portion  of  the  State  of  Massachusetts  is  a  curiously 
shaped,  narrow,  hooked  point,  enclosing  nearly  three-quarters 
of  a  circle  having  a  radius  of  about  12  miles.  The  south  side  of 
the  enclosing  land  is  extended  southwestward  to  another  point  at 
Woods  Hole,  which,  with  a  succession  of  islands,  makes  the  barrier 
separating  Buzzards  Bay  from  Vineyard  Sound.  To  this  whole  area 
of  land  the  name  of  Cape  Cod  is  applied,  with  Provincetown  at  the 
north,  where  the  Pilgrims  in  the  Mayflower  made  their  first  landing 
in  1621.  The  material  composing  the  peninsula  is  sand,  gravel,  and 
granite  boulders — an  old  glacial  terminal  moraine.  The  sand  has 
been  acted  on  by  the  currents  of  the  Gulf  Stream  flowing  east  and 
the  eddy  of  the  Arctic  Current  sweeping  down  the  New  England 
coast,  and  this  accounts  for  the  peculiar  contour  of  the  shore.  To 
the  south  and  southeast  of  Cape  Cod  are  various  irregular  shoals, 
known  as  Nantucket  Shoals,  the  outer  limit  of  which,  in  30  fathoms 
of  water,  is  marked  by  the  Nantucket  Light  Vessel,  distant  from 
Monomoy  Point,  the  extreme  southernmost  part  of  Cape  Cod,  59  geo- 
graphical or  68  statute  miles  in  an  almost  due  south  direction. 

These  shoals  of  shifting  sand,  over  which  the  depth  varies  from 
less  than  1  fathom  to  25  fathoms,  discovered  first  by  Verrazzano  in 
1524,  and  named  by  De  Mont  in  1605  "Mallebarre",  have  always 
been  a  terror  to  navigators.  The  extent,  depth  of  water,  and  char- 
acter of  the  Nantucket  Shoals  have  been  described  in  a  report  by 
Lt.-Col.  (now  Col.)  J.  C.  Sanford,  Corps  of  Engineers,  U.  S.  A.,  to 
the  Chief  of  Engineers,  under  date  of  November  16th,  1909,  from 
which  the  following  extracts  have  been  taken : 

"The  numerous  and  extensive  shoals  lying  eastward  and  southeast- 
ward of  the  eastern  entrance  to  Nantucket  Sound  and  southward  and 
eastward  of  the  southeasterly  elbow  of  Cape  Cod,  constitute  probably 
the  greatest  danger  to  navigation  to  be  found  on  any  of  the  coast- 
wise routes  of  the  Atlantic  coast  of  the  United  States  north  of 
Hatteras.  In  view  of  the  numerous  vessels  passing  around  these 
shoals  they  are  probably  a  greater  menace  to  navigation  than  Hatteras. 
Their  dangerous  character  is  shown  both  by  the  large  number  of 
wrecks  annually  occurring  there  and  by  the  large  number  of  light 
vessels  and  other  aids  to  navigators  traversing  the  shoals. 

"Erom  Nantucket  Sound  to  the  ocean  two  channels  lead  through 
the  shoals.  The  north  or  Pollock  Rip  Channel  is  the  most  used, 
as  it  is  shorter,  is  somewhat  protected  from   easterly  storms  by  the 
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shoals  outside  it,  and  is  closer  to  the  shore;  but  it  is  quite  circuitous 
and  narrow  in  places  and  the  tidal  currents  are  strong  and  varying 
in  direction.  The  second  or  south  channel  leads  through  the  shoals 
in  a  nearly  due  east  direction  from  Nantucket  (Great  Point)  Light- 
house. It  is  somewhat  deeper  than  the  Pollock  Eip  Channel  and  much 
wider,  but  it  is  not  so  direct  for  coastwise  vessels  and  carries  a 
vessel  much  farther  from  the  shore.  This  channel  is  considered  in 
the  United  States  Coast  Pilot  for  the  Atlantic  coast  as  the  dividing 
line  between  Nantucket  and  Monomoy  Shoals,  the  shoals  lying  to  the 
northward  of  the  channel  being  called  the  Monomoy  Shoals,  while 
those  to  the  southward  are  called  the  Nantucket  Shoals.  The  following 
description  of  the  Monomoy  Shoals  in  general  and  of  the  shoals 
particularly  named  in  the  river  and  harbor  act,  with  others  lying 
along  the  course  of  the  proposed  improvement,  is  taken  from  the 
above  publication : 

"  'Monomoy  Shoals  consist  of  numerous  detached  shoals  of  a 
shifting  character  with  3  to  18  feet  over  them,  extending  about  5^ 
miles  in  an  easterly  and  9^  miles  in  a  southerly  and  south-southeasterly 
direction  from  Monomoy  Point.  Many  parts  of  these  shoals  separated 
from  others  by  narrow  slues  have  special  names  and  are  briefly  described 
below : 

"  'Bearse  Shoal  is  the  western  and  Pollock  Rip  the  eastern  part  of 
the  shoal  extending  from  |  mile  to  3|  miles  eastward  of  Monomoy 
Lighthouse.  These  shoals  consist  of  a  series  of  sand  shoals  and  sand 
ridges,  with  4  to  18  feet  over  them  and  deep  water  between  them. 

"  'Broken  Part  of  Pollock  Rip,  with  depths  of  15  to  18  feet  over  it, 
lies  eastward  of  Pollock  Rip,  and  is  separated  from  it  by  Pollock  Rip 
Slue,  which  has  a  width  of  about  i  mile  and  depth  of  3A  to  6  fathoms. 

"  'Twelve  Foot  Shoal,  southward  of  the  broken  part  of  Pollock  Rip, 
has  14  to  18  feet  over  it  and  lies  5i  miles  SE  *  E  from  Monomoy 
Lighthouse. 

"  'Stone  Horse  Shoal,  Little  Round  Shoal,  and  Great  Round  Shoal 
are  portions  of  a  continuous  series  of  sand  shoals  and  sand  ridges 
with  depths  of  6  to  18  feet  over  them,  lying  directly  eastward  of  the 
entrance  of  Nantucket  Sound  and  between  the  two  main  channels. 
Stone  Horse  Shoal  and  Little  Round  Shoal  lie  on  the  south  side  of 
the  deepwater  channel  between  them  and  Pollock  Rip.  Great  Round 
Shoal  lies  from  6  to  9 J  miles  in  SSE  direction  from  Monomoy  Point 
Lighthouse;  southward  and  eastward  of  this  shoal  for  a  distance  of 
about  2h  miles  there  are  numerous  shoal  spots  with  depths  varying 
from  17  to  18  feet  over  them. 

"  'Shovelful  Shoal,  extending  |  mile  southward  from  Monomoy 
Point,  is  bare  in  places  and  rises  abruptly  from  the  deep  waters  of 
Butlers  Hole. 

"  'Handkerchief  Shoal  is  the  extensive  shoal,  with  from  3  to  IS  feet 
over   it,    lying   southwestward   of   Monomoy   Point.      It    is    about   4i 
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miles  long  north  and  south,  and  its  greatest  width  is  about  2  miles. 
Its  southern  end,  which  rises  abruptly  from  a  depth  of  8  fathoms 
to  10  feet,  is  about  i  mile  northward  of  Handkerchief  Shoal  Light 
vessel  and  5^  miles  SW  |  W  from  Monomoy  Point  Lighthouse.  Its 
northern  end  rising  gradually  from  3^  fathoms  to  15  feet,  lies  about 
3  miles  WiSTW  ^  W  from  Monomoy  Point  Lighthouse.' 

"The  shoals  are  undoubtedly  of  a  shifting  character.  A  comparison 
of  Coast  Survey  charts  issued  from  1860  to  the  present  time  shows 
enormous  changes  in  the  channels  and  in  the  shape  and  position 
of  the  various  shoals. 

"On  the  chart  of  1860  the  principal  passage  from  Butlers  Hole 
(deep  water  southwest  of  Shovelful  Shoal  Light  Vessel)  to  the  ocean 
was  due  east  from  Pollock  Rip  Light  Vessel  through  a  5-fathoni 
passage  south  of  the  broken  part  of  Pollock  Rip.  The  chart  of  1874 
shows  this  passage  closed  by  the  5-fathom  contour,  which  is  continu- 
ous from  off  Chatham  around  the  entire  group  of  the  Monomoy  Shoals, 
the  distance  between  the  outside  and  inside  5-fathom  curves  being 
but  600  yards,  with  a  depth  of  4|  fathoms  between.  The  1885  chart 
shows  this  distance  to  be  about  800  yards,  with  3:^  fathoms  between 
and  with  several  small  shoals  carrying  less  than  3  fathoms  in  the 
immediate  vicinity.  The  1888  chart  shows  this  distance  to  be  about 
2  500  yards,  with  a  minimum  depth  of  3;^  fathoms.  The  1894  and  1900 
charts  give  the  distance  as  about  900  yards,  with  a  minimum  depth 
of  3^  fathoms.  The  1908  chart  gives  the  extreme  distance  between 
the  inside  and  outside  5-fathom  contours  as  about  3  600  yards,  with 
a   minimum   depth  of   5i   fathoms,   but  with   an   intervening  hole  of 

5  fathoms.  The  position  of  this  easterly  passage  moved  south  from 
its  1860  position,  the  course  from  the  Pollock  Rip  Light  Vessel 
changing  from  due  east  to  about  southeast. 

"The  Broken  Part  of  Pollock  Rip  has  recently  made  out  about  1  200 
feet  to  the  westward,  considerably  narrowing  the  northern  entrance. 

"In  1860  the  Shovelful  Shoal  and  Bearse  Shoal,  as  defined  by  the 
18-foot  contour,  were  continuous  and  separated  from  Pollock  Rip 
Shoal.  In  1874  the  first  two  of  these  were  separated  and  the  last  two 
were  joined  together,  with  the  southern  part  of  Pollock  Rip  Shoal 
broken  into  a  number  of  smaller  shoals,  which  condition  has  continued 
up  to  the  latest  chart,  but  Avith  varying  outlines  on  the  successive 
charts.  The  Handkerchief  Shoal,  which  is  rather  more  protected 
from  the  heaviest  waves  than  the  outlying  shoals  and  therefore  more 
nearly  continuous  in  form,  had  approximately  the  following  areas 
inclosed  with  the  18-foot  curve  (the  dates  refer  to  the  dates  of  issue 
of  charts)  : 

"1860 1  900  acres. 

1888 2  660      " 

1894 2  980      " 

1908 3  230      " 
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"The  above  shows  a  continuous  increase  amounting  to  70%  in  48 
years. 

"The  area  of  water  exceeding  5  fathoms  in  depth  in  the  eastern 
extension  of  Butlers  Hole,  within  which  area  are  stationed  the  Shovel- 
ful Shoal  and  Pollock  Eip  Light  Vessels,  and  limited  on  the  west 
by  a  line  drawn  from  the  northern  limit  of  Stone  Horse  Shoal  to 
Monomoy  Point,  is  as  follows : 

"1860 3  200  acres. 

1888 3  000      " 

1894 3  600      " 

1900 3  700      " 

1908 2  670     "      " 

The  foregoing  quotations  show  clearly  the  character  of  the  shoals, 
how  they  change  in  position  from  time  to  time,  and  how,  in  certain 
areas,  there  is  a  steady  accretion.  The  difficulties  of  navigating  the 
tortuous  channels,  even  well-lighted  and  marked  as  they  are  by  fre- 
quent buoys  and  light  vessels,  are  greatly  increased  by  the  frequently 
occurring  dense  fogs.  These  fogs  are  caused  by  the  condensation 
following  the  contact  of  the  warm  easterly  current  with  the  colder 
current  setting  down  from  the  coast  of  Maine.  The  Pollock  Rip 
Light  Vessel  reports  an  average  of  1 100  hours  of  fog  occurring  on 
130  days  per  annum.  So  persistent  and  so  thick  are  these  fogs  that 
vessels  are  held  for  days  at  a  time  at  Provincetown  or  Vineyard  Haven, 
unwilling  to  venture  the  passage  across  the  shoals.  The  dangers  are 
still  further  increased  by  the  low-lying  coast  of  the  Cape,  which  be- 
comes an  exposed  lee  shore  during  east  and  northeast  gales. 

It  is  estimated  that  22  000  000  tons  of  freight  are  carried  annually 
around  the  Cape,  a  volume  of  coastwise  traffic  that  greatly  exceeds 
any  other  section  of  the  American  seaboard.  It  is  not  surprising, 
therefore,  that  the  waters  between  Martha's  Vineyard  and  Cape  Cod 
Light  claim  the  greatest  toll  in  men,  vessels,  and  cargo. 

Pig.  1,  taken  from  the  most  recent  United  States  Coast  Survey 
charts,  shows  the  contour  of  Cape  Cod,  the  adjacent  islands,  and 
Xantucket  Shoals. 

Water-borne  traffic  going  around  the  Cape  has  the  choice  of  two 
routes,  either  completely  avoiding  the  shoals  by  passing  outside  of 
JSTantucket  Light  Vessel,  or  by  passing  through  Vineyard  Sound  and 
crossing  the  shoals,  either  through  Pollock  Rip,  the  usual  course,  or 
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south  of  the  Great  Round  Shoal.     Between  I^ew  York  and  Boston  the 
distances  by  these  routes  are: 

Nantucket  Light  Vessel 408   miles. 

Great  Eound  Shoal 350       " 

Pollock   Rip 342      " 

By  going  through  Hell  Gate  and  Long  Island  Sound,  the  first 
distance  can  be  reduced  by  6  miles  and  the  last  two  by  16  miles. 
The  courses  are  shown  on  Fig.  1.  The  distance  between  New  York 
and  Boston  via  Hell  Gate,  Long  Island  Sound,  and  the  Cape  Cod 
Canal,  is  264  miles. 

To  avoid  the  shoals  and  fogs,  with  their  dangers  and  delays,  pro- 
jects for  a  trade  route  via  Buzzards  Bay  and  a  canal  connecting  it 
with  Cape  Cod  Bay  have  been  proposed  for  nearly  300  years;  in  fact, 
a  canal  across  the  neck  of  Cape  Cod  has  been  longer  under  considera- 
tion than  any  other  public  work  in  the  United  States. 

The  first  use  of  this  route  for  commercial  purposes  was  made  by 
Miles  Standish  in  September,  1623,  when  he  ascended  the  Scusset 
River,  a  small  stream  that  flowed  into  Cape  Cod  Bay  about  20  miles 
south  of  the  Pilgrim  settlement  at  Plymouth,  and,  after  crossing  the 
narrow  intervening  low  ridge  of  land,  met  the  vessels  of  the  Dutch 
traders  from  New  Amsterdam,  under  the  command  of  Isaac  de  Resieres, 
who  had  ascended  the  Manomet  (since  corrupted  into  Monument) 
River  from  Buzzards  Bay,  laden  chiefly  with  provisions  to  relieve  the 
pressing  needs  of  the  Plymouth  settlers.  From  this  beginning  there 
was  immediately  established  a  regular  trafiic  between  the  Dutch  and 
English  colonists. 

As  the  land  separating  the  rivers,  which  could  be  ascended  easily 
by  the  small  boats  then  in  use,  was  only  3  miles  wide,  and  as  its 
elevation  was  less  than  30  ft.  above  high  water,  it  was  but  natural 
that  it  was  soon  suggested  to  make  a  through  route  and  eliminate  the 
portage  by  digging  a  canal. 

There  is  a  record  in  the  quaint  diaiy  of  one  Samuel  Sewall,  under 
date  of  October  26th,  1676,  that  "Mr.  Smith  of  Sandwich  rode  with 
me  and  showed  me  the  place  which  some  had  thought  to  cut  for 
to  make  a  passage  from  the  south  sea  to  the  north."  In  1697  the 
project  received  official  recognition,  as  the  General  Court  adopted 
this  resolve: 
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Whereas,  It  is  thought  by  many  to  be  very  necessary  for  the  preser- 
vation of  man  and  estates,  and  very  profitable  and  useful  to  the 
public,  if  a  passage  be  cut  through  the  land  at  Sandwich  from  Barn- 
stable Bay,  so  called,  into  Monament  Bay,  for  vessels  to  pass  to  and 
from  the  western  part  of  this  country, 

Ordered,  That  Mr.  John  Otis,  of  Barnstable,  Captain  William 
Bassett,  and  Mr.  Thomas  Smith,  of  Sandwich,  be  and  are  hereby 
appointed  to  view  the  place,  and  make  report  to  this  Court,  at  their 
next  sessions,  what  they  judge  will  be  the  General  Conveniences  and 
inconveniences  that  may  accrue  thereby,  and  what  the  charge  of 
the  same  may  be,  and  probability  of  effecting  thereof. 

It  is  probable  that  the  "Mr.  Thomas  Smith"  of  the  Committee 
was  the  same  person  who  acted  as  guide  to  Mr.  Sewall.  Unfortu- 
nately, there  is  no  record  of  the  report  made  by  Messrs.  Otis,  Bassett, 
and  Smith. 

The  next  official  action  by  the  Colony  of  Massachusetts  did  not 
take  place  until  May,  1776,  when  the  General  Court,  as  the  Colonial 
Legislature  was  and  the  State  Legislature  still  is  described,  resolved: 

In  Council,  ^Vhereas,  It  is  represented  to  this  Court  that  a  navi- 
gable canal  may  without  much  difficulty  be  cut  through  the  isthmus 
which  separates  Buzzards  Bay  and  Barnstable  Bay,  whereby  the 
Hazardous  Navigation  round  Cape  Cod,  both  on  account  of  the  shoals 
and  enemy,  may  be  prevented,  and  a  safe  communication  between 
this  colony  and  the  southern  colonies  be  so  far  secured, 

Resolved,  That  James  Bowdoin  and  William  Sever,  Esqrs.,  with 
such  as  the  Hon.  House  shall  join,  or  the  major  part  of  them,  be  a 
committee  to  repair  to  the  tcmi  of  Sandwich,  and  view  the  premises, 
and  report  whether  the  cutting  of  a  canal  as  aforesaid  be  practicable 
or  not.  And  they  are  hereby  authorized  to  employ  any  necessary 
surveyors  and  assistants  for  that  purpose. 

This  Committee  appointed  Mr.  Thomas  Machin  as  Engineer,  and 
undertook  to  prepare,  probably  for  the  first  time,  a  survey  and  definite 
plans.  Mr.  Machin  had  scarcely  entered  upon  his  labors  when  he 
was  called  to  other  duty  by  George  Washington,  who  wrote  to  the 
Chairman  of  the  Committee: 

"The  great  demand  we  have  for  engineers  in  this  department  has 
obliged  me  to  order  Mr.  Machin  hither  to  assist  in  that  branch  of 
the  business." 

After  the  Revolution,  in  1791,  the  Commonwealth  of  Massachu- 
setts appointed  another  committee  to  examine  and  report.     This  Com- 


THE   CAPE   COD   CANAL  -    » 

mittee  employed  James  Winthrop  and  John  Hills  to  make  surveys  and 
plans,  and  these  engineers  laid  out  a  canal,  practically  on  the  route  of 
the  present  one,  using  the  Monument  Kiver,  4  rods  wide,  with  three 
sets  of  double  locks,  30  ft.  wide  and  120  ft.  long,  and  at  an  estimated 
cost  of  £70  707/10/00,  including  protecting  piers  in  Cape  Cod  Bay. 
From  this  date  until  1818  the  Legislature  had  the  project  under  con- 
tinuous consideration. 

In  1818  Col.  Loammi  Baldwin,  the  Engineer  of  the  Union  Canal 
Company  of  Pennsylvania,  was  retained  by  some  capitalists  of  Boston, 
including  Israel  Thorndike  and  Thomas  H.  Perkins,  to  study  the 
question.  Baldwin's  plan,  which  was  the  most  complete  that  had 
been  produced,  avoided  the  Monument  River,  and  used  the  Back 
Kiver  as  the  outlet  to  Buzzards  Bay. 

In  1808,  Albert  Gallatin,  Secretary  of  the  Treasury,  directed  atten- 
tion to  the  canal  as  of  strategic  use  in  time  of  war,  a  necessity  that 
was  appreciated  shortly  afterward  in  the  war  of  1812,  as  British 
cruisers  maintained  a  trying  blockade  along  the  coast  between  Sandy 
Hook  and  Boston  Harbor.  In  1818  the  Senate  requested  the  President 
to  order  a  survey.  Nothing,  however,  was  done  until  1824,  when 
Congress  passed  an  act  directing  that  full  surveys  be  made.  These 
surveys  were  in  the  charge  of  Maj.  P.  H.  Perault,  U.  S.  Topographical 
Engineer,  who  reported  in  1825 — a  report  which  was  further  examined 
and  approved  by  the  Board  of  Internal  Improvements  for  the  State  of 
Massachusetts.     This  report  was  ordered  printed  by  Congress  in  1830. 

Of  course,  all  previous  plans  described  a  canal  of  very  small 
dimensions,  and  the  canal  projected  by  the  United  States  was  un- 
doubtedly considerably  larger  than  any  that  had  been  contemplated 
before.  Even  this  canal,  however,  according  to  modern  standards, 
was  quite  a  small  affair.  It  was  to  have  a  bottom  width  of  36  ft.,  a 
water  surface  of  60  ft.,  and  a  depth  of  8  ft.     Locks  were  planned. 

Four  different  arrangements  of  locks  and  levels  were  considered, 
but  the  one  finally  recommended  for  adoption  was  a  single  level,  8 
miles  524  yd.  long,  with  the  bottom  on  the  plane  of  low  tide  in  Barn- 
stable (Cape  Cod)  Bay,  with  a  tidal  lock  at  each  end.  These  locks 
were  to  have  a  length  of  107  ft.  and  a  width  of  26  ft.  The  cost  was 
estimated  at  $669  522,  in  which  bridges  were  put  down  at  $2  000.  The 
route  selected  was  the  same  as  that  proposed  by  Col.  Baldwin,  using 
Back  River.    Water  to  supply  the  summit  level  was  to  be  furnished  by 
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the  rise  in  tide  at  the  Cape  Cod  Bay  end,  admitted  through  regulating 
sluices.  The  Board  felt  that  Herring  Pond  and  its  tributaries  would 
not  supply  sufficient  water  to  permit  thirty-six  passages  per  day,  the 
estimated  possible  number. 

With  locks,  the  variant  in  the  route  from  the  Monument  to  Back 
River,  as  proposed  by  Col.  Baldwin,  and  the  Board  of  Internal  Improve- 
ment, is  feasible,  but  the  resulting  advantage  and  economy  are  not 
apparent. 

At  the  time  it  was  confidently  expected  that  the  work  would  be 
undertaken  at  once.  When  Maj.  Guillaume  Tell  Poussin,  the  eminent 
French  engineer,  at  one  time  an  officer  in  the  American  Army,  wrote 
his  celebrated  report  on  "Travaux  d' Ameliorations  Interieures  Projetes 
ou  Executes  par  le  Gouvernement  General  des  Etats  Unis",  published 
in  1834  after  his  visit  to  this  country  in  1831,  he  described  the  canal 
as  one  of  the  great  pieces  of  public  work  about  to  be  undertaken. 

The  project  then  lay  dormant  for  30  years,  until  1860,  when  it 
was  revived  by  the  Governor  of  Massachusetts  calling  attention  to 
it  in  his  annual  message.  The  Legislature  appointed  a  committee 
which  reported  in  favor  of  employing  engineers  to  restudy  the  matter 
thoroughly,  as  a  canal  seemed  both  feasible  and  desirable.  The  Legis- 
lature adopted  the  suggestion,  and  appointed  such  a  committee  with 
powers,  and  again  another  committee  in  1861,  which  committees 
imited  in  a  report  in  November,  1862,  printed  as  Public  Document 
No.  41,  in  1864.  This  report  is  of  great  value,  as  it  reviews  the 
whole  history  of  the  enterprise  and  gives  many  statistics  of  traffic  and 
other  matters  having  a  bearing. 

As  to  surveys  and  plans,  the  Committee  availed  itself  first  of  a 
suggestion  of  Professor  A.  D.  Bache,  Superintendent  of  the  United 
States  Coast  Survey,  to  make  use  of  officers  of  that  service.  The 
Commissioners  for  Boston  Harbor,  the  late  Joseph  G.  Totten,  Hon. 
M.  Am.  Soc.  C.  E.,  Brigadier-General,  U.  S.  Topographical  Engineers, 
the  Lite  A.  D.  Bache,  Hon.  M.  Am.  Soc.  C.  E.,  U.  S.  Coast  Survey, 
and  Commander  C.  H.  Davis,  U.  S.  Navy,  Superintendent  of  the 
Naval  Academy,  made  a  report  to  the  Committee,  giving  recommenda- 
tions as  to  locks  and  breakwaters  in  Cape  Cod  Bay  and  a  most 
important  analysis  of  the  tidal  conditions,  based  on  observations  made 
by  the  late  Henry  Mitchell,  M.  Am.  Soc.  C.  E.,  then  an  assistant  in 
the  Coast  Survey. 
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On  receipt  of  this  preliminary  report  the  Committee  engaged  Mr. 
George  E.  Baldwin  to  complete  the  surveys  and  make  plans.  Mr. 
Baldwin  accepted  as  his  location  the  Back  River  route,  following 
Col.  Loammi  Baldwin  and  the  Board  of  Internal  Improvement,  but 
the  cross-section  was  much  greater  than  anything  hitherto  proposed, 
having  a  bottom  width  of  no  less  than  120  ft.  and  a  depth  of  18  ft. 
Two  locks  were  contemplated,  one  at  each  end,  with  two  chambers  in 
tandem,  200  and  132  ft.  long,  or  with  a  combined  usable  length  of 
350  ft.,  96  ft.  wide.  The  estimated  cost  varied  from  $9  558  000  to 
$9  915  000,  according  to  variations  in  details,  but  including  the  locks, 
changing  the  railway,  and  three  large  breakwaters. 

The  Committee  found  that  about  10  000  vessels  passed  around  the 
Cape  each  year,  carrying  miscellaneous  cargo,  of  which  coal  con- 
tributed 370  827  tons  in  1859.  Between  1834  and  1859,  both  years 
inclusive,  there  had  been  827  marine  disasters  on  the  Cape,  involving 
4  steamers,  40  ships,  71  barks,  191  brigs,  492  schooners,  and  29 
sloops,  the  average  annual  value  of  the  loss  being  nearly  $600  000. 
The  Committee  estimated  that  the  annual  saving  to  navigation  result- 
ing from  the  construction  of  the  canal  was  $1  543  375,  on  the  basis 
of  45%  of  the  traffic  using  it. 

The  interesting  feature  of  the  report,  however,  was  the  first  re- 
corded appreciation  of  a  canal  without  locks,  and  apparently  this 
suggestion  came  from  the  Committee  and  not  from  any  of  its  pro- 
fessional advisers,  all  of  whom  in  their  reports  discussed  locks  only. 
The  Committee  stated: 

"The  pectdiarities  attending  the  operation  of  the  two  tide  waves 
upon  the  coast  has  in  every  instance  suggested  to  the  engineers  the 
necessity  of  using  locks  for  this  canal.    *    *    * 

'Tf  some  plan  could  be  devised  to  overcome  the  force  of  the  cur- 
rents, and  thereby  form  a  free  channel  for  the  transit  of  vessels 
through  from  bay  to  bay,  there  could  hardly  be  a  difference  of  opinion 
upon  the  propriety  of  constructing  the  proposed  passage,  and  the 
question  whether  the  currents  can  be  controlled  in  any  way  than  by 
locks,  deserves  some  consideration.  This  question  was  not  particu- 
larly examined  while  the  U.  S.  Commissioners  were  connected  with 
the  surveys  and  soundings,  and  their  public  engagements  since  that 
time  have  deprived  the  Committee  of  their  judgment  and  advice 
upon  this  branch  of  the  subject. 

"*  *  *  It  may  not  be  unreasonable  to  suppose  that  some  method 
of  avoiding  the  force  of  the  currents  might  be  discovered  without  the 
cost  and  delay  of  using  locks  and  gates." 
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This  vague  suggestion  of  the  Legislative  Committee  was  crystallized 
into  form  in  1870  by  Brevet  Maj.-Gen.  J.  G.  Foster,  Lt.-Col.  of 
Engineers,  U.  S.  A.,  who  pointed  out,  in  a  report  to  the  Chief  of 
Engineers,  that  although  there  was  a  considerable  and  varying  dif- 
ference in  head  at  the  ends  of  the  canal,  nevertheless  the  resulting 
current  would  not  be  sufficient  to  require  locks.  This  contribution 
of  General  Foster's  changed  completely  tlie  whole  character  of  the 
enterprise,  because,  after  the  publication  of  his  report,  a  canal  with 
locks  was  not  again  considered.  He  recommended  a  canal  with 
dimensions  much  greater  than  had  been  previously  contemplated,  with 
a  bottom  width  of  198  ft.  and  a  depth  of  23  ft.  at  mean  low  water. 

Gen.  Foster's  report  performed  another  service.  It  showed  the 
great  volume  of  traffic  passing  around  the  Cape,  which  could  be  accom- 
modated and  accommodated  only  by  a  waterway  free  from  artificial 
obstructions,  and,  appearing  as  it  did  at  the  period  following  the  war 
between  the  States,  when  all  projects  for  increased  transportation 
facilities  were  being  eagerly  taken  up,  it  directed  the  attention  of 
capitalists  and  promoters  to  the  possibilities  of  the  canal.  Although  no 
further  efforts  were  made  by  either  the  Federal  or  State  Govern- 
ments to  construct  the  canal,  efforts  by  groups  of  financiers  under 
private  charters  were  continuous  from  1870,  the  date  of  Gen.  Foster's 
report,  to  the  actual  construction  of  the  canal  as  described  in  this 
paper. 

In  1870  a  charter  was  given  by  the  State  to  the  Cape  Cod  Ship 
Canal  Company,  among  whose  incorporators  were  Alpheus  Hardy. 
Thomas  Eussell,  Charles  H.  Allen,  Rufus  Ingalls,  and  Charles  A. 
Secor.  This  charter  was  regarded  with  favor  by  committees  of 
Congress  and  the  Legislature  of  the  State,  but  nothing  was  accom- 
plished, and  at  length  it  was  allowed  to  lapse,  after  it  had  been  extended 
by  the  Legislature  several  times.  The  company  referred  the  tidal 
questions  to  Clemens  Herschel,  Past-President,  Am.  Soc.  C.  E.,  who 
confirmed  the  previously  expressed  opinion  of  Gen.  Foster  that  the 
resulting  current  in  a  sea-level  canal  would  not  be  sufficiently  swift 
to  prevent  passage,  and  that  a  lock  was  not  only  unnecessary,  but 
detrimental. 

Although  Massachusetts  at  an  early  date  provided  for  the  con- 
struction of  railroads  by  general  legislation,  thus  doing  away  with 
special  legislative  charters,  no  such  provision  was  made  in  the  general 
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laws  concerning  the  construction  of  canals,  so  that  recourse  to  the 
Legislature  for  powers  has  always  been  necessary. 

When  the  charter  to  the  Cape  Cod  Ship  Canal  Company  lapsed 
in  1880,  a  new  one  was  granted  to  Henry  M.  Whitney,  William  C. 
Whitney,  Henry  F.  Dimock,  Charles  T.  Barney,  Holcomb  Hosford, 
and  associates,  for  the  Cape  Cod  Canal  Company.  These  gentlemen 
investigated  the  subject,  retaining  George  S.  Greene,  Jr.,  M.  Am.  Soc. 
C.  E.,  as  Consulting  Engineer,  but  they,  too,  permitted  their  charter 
to  lapse. 

In  1883  another  act  was  passed  by  the  Legislature,  incorporating 
the  Cape  Cod  Ship  Canal  Company,  with  a  capital  stock  of 
$5  000  000,  the  persons  named  being  William  Seward,  Jr.,  George  S. 
Hall,  Samuel  Fessenden,  Edwin  Reed,  William  A.  Clark,  Jr.,  Joseph 
T.  Hoile,  Walter  Lawton,  William  F.  Drake,  and  William  Parker. 
This  company  made  a  contract  with  Frederic  A.  Lockwood  to  con- 
struct the  canal.  Mr.  Lockwood  was  a  singular  genius.  At  one  time 
he  was  a  Baptist  minister,  but,  being  of  a  mechanical  turn,  he  estab- 
lished a  machine  shop  in  East  Boston,  and  there  designed  a  curious 
type  of  suction  dredge,  under  the  patents  of  one  John  A.  Ball  of 
California.  Being  a  man  of  much  force  and  power  of  persuasion,  he 
organized  and  procured  the  charter  for  the  company  just  mentioned, 
primarily  in  order  to  give  work  to  his  machine  shop  and  create  an 
opportunity  to  use  his  dredge,  he  having  acquired  from  Mr.  Whitney 
and  his  associates  their  plans  and  surveys  and  whatever  rights  they 
possessed.  He  appointed  Mr.  George  H.  Titcomb  Chief  Engineer 
and  Mr.  Charles  M.  Thompson  Assistant  Engineer.  The  latter  gen- 
tleman remained  at  Sandwich  even  after  the  Lockwood  efforts  came 
to  an  end,  assisting  the  subsequent  companies,  and  became  Real  Estate 
Agent  of  the  present  company,  which  position  he  held  until  his  death 
in  March,  1914. 

Now,  for  the  first  time  since  Miles  Standish  began  the  trading  route 
in  1623,  and  after  all  the  fruitless  surveys  and  plans  by  the  United 
States,  by  the  Commonwealth  of  Massachusetts,  and  various  private 
parties,  actual  work  was  begun.  Lockwood  built  his  dredge,  and 
with  it  cut  through  the  open  beach  just  north  of  Sandwich  and  near 
the  mouth  of  the  Scusset  River.  In  order  to  obtain  the  necessary 
funds  to  carry  on  the  work,  Lockwood  succeeded  in  persuading  Mr. 
Quiney  A.  Shaw,  of  Boston,  to  advance  them.     With  this  aid,  Lock- 
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wood  and  liis  singular  excavating  machine  made  a  channel  nearly  a 
mile  long,  ahout  15  ft.  deep  and  perhaps  100  ft.  wide  through  the 
sandy  marshes  of  the  Scusset.  While  thus  at  work,  Lockwood  suf- 
fered a  stroke  of  apoplexy,  completely  disabling  him.  He  then  con- 
veyed to  Col.  Thomas  L.  Livermore,  of  Boston,  as  Trustee,  all  title 
in  the  chartered  company,  canal,  land,  and  dredge,  as  security  for  Mr. 
Shaw's  advances  and  some  minor  obligations.  With  further  capital 
advanced  by  Mr.  Shaw,  the  Trustee  continued  dredging  for  several 
months,  carrying  the  excavation  of  the  canal  to  a  total  of  about 
TOO  000  cu.  yd.,  and  acquiring  title  in  fee  to  land  which,  with  that 
liurchased  by  Mr.  Lockwood,  amounted  to  about  1  000  acres.  Then, 
probably  realizing  the  hopelessness  of  completing  the  work  with  a 
single  dredge,  and  especially  with  such  a  dredge  as  the  one  in  hand, 
the  Trustee  stopped  work,  and  the  dredge  was  subsequently  and  mis- 
chievously set  on  fire  and  completely  destroyed.  The  action  of  the 
waves  and  littoral  drift  closed  the  entrance  through  the  beach  and 
filled  perhaps  one-half  of  the  excavation  with  sand. 

If  little  physical  result  was  accomplished,  the  Lockwood  attempt 
is  entitled  to  the  honor  of  the  first  actual  construction  and  a  demon- 
stration that  some  people  were  at  length  willing  to  do  more  than 
make  surveys,  and  great  credit  must  be  given  to  Mr.  Shaw  and  his 
Trustee,  Col.  Livermore,  for  having  perfected  the  titles  to  so  many 
parcels  of  land,  and  especially  for  keeping  them  intact  and  free  from 
physical  encumbrances  that  would  have  prevented  the  construction  of 
the  canal.  Other  routes,  and  variations  of  the  route  adopted  by 
Lockwood's  company,  have  been  considered,  but  the  one  he  selected 
— -that  since  adopted — is  the  only  one  that  is  feasible.  Had  the  land 
passed  back  into  the  hands  of  its  many  original  holders,  its  re-acquisi- 
tion would  have  been  difficult  and  perhaps  so  expensive  that  the  cost 
would  have  been  prohibitory;  or  had  it  been  "improved",  canal  con- 
struction would  have  been  impossible.  When  the  present  company 
took  up  the  work,  the  fact  that  more  than  80%  of  the  right  of  way 
could  be  acquired  in  fee  simple  at  a  single  purchase,  and  at  an  ascer- 
tained reasonable  cost,  contributed  in  no  small  degree  to  the  favorable 
consideration  of  the  project.  Other  men  less  far-sighted  than  Col. 
Livermore  would  not  have  had  the  courage  to  keep  the  holdings 
together,  and  the  failure  to  do  so  certainly  would  have  jeopardized 
the  realization  of  the  canal,  if  not  actually  preventing  it. 
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Following  the  cessation  of  work  under  the  Lockwood  charter,  peace 
reigned  for  a  few  years,  broken  by  the  passage  in  1891  of  a  charter 
to  the  Boston,  Cape  Cod  and  New  York  Canal  Company,  under 
which,  however,  nothing  was  done. 

In  1893  the  Legislature  acted  again,  this  time  in  granting  a 
charter  to  the  '^Old  Colony  and  Interior  Canal  Company",  among 
whose  incorporators  were  two  prominent  contractors,  James  D.  Leary 
and  Warren  Roosevelt,  and  an  energetic  attorney  of  New  York, 
William  G.  Bussey,  of  whom  more  later.  This  charter,  which  for  the 
sake  of  safety  repealed  in  terms  all  prior  charters,  provided  for  a 
choice  of  routes  via  the  Monmnent  or  Bass  Elvers,  the  latter  flowing 
into  Vineyard  Sound.  The  Bass  River  route  would  have  given  a 
shorter  canal,  but  with  a  less  saving  in  distance,  and  with  a  failure 
to  avoid  fogs  and  very  bad  tidal  currents. 

These  gentlemen  did  nothing  with  their  grant,  as  likewise  Oliver 
Ames,  of  Boston,  and  associates  with  a  charter  to  the  Massachusetts 
Ship  Canal  Company  passed  in  1895. 

The  Massachusetts  Maritime  Canal  Company  was  the  next  step, 
chartered  in  June,  1896,  the  projector  being  Mr.  William  G.  Bussey, 
and  one  of  the  incorporators  being  the  late  Elmer  L.  Corthell,  Past- 
President,  Am.  Soc.  C.  E.  The  charter  called  for  a  canal  of  increased 
dimensions,  viz.,  a  depth  of  25  ft.  at  mean  low  water  and  a  bottom 
width  of  100  ft.  Full  and  complete  engineering  and  commercial 
investigations  were  made  by  Mr.  (later  Dr.)  Corthell  and  the  late 
Alfred  P.  Boiler,  M.  Am.  Soc.  C.  E.  Mr.  Bussey,  ably  assisted  by 
Mr.  Corthell,  made  every  effort  to  secure  the  necessary  capital,  inter- 
esting in  the  project  men  like  Myron  T.  Herrick  of  Cleveland  and 
Lewis  Nixon  of  New  York,  but  finally  they  were  obliged  to  let  the 
charter  lapse. 

The  next,  and  as  it  proved  the  last,  step,  was  an  application  by 
Mr.  DeWitt  C.  Flanagan,  in  1899,  for  a  charter,  which  was  passed 
on  June  1st  of  that  year,  incorporating  the  Boston,  Cape  Cod  and 
New  York  Canal  Company.  The  incorporators  named  in  the  act  are 
Alexander  Dow,  David  W.  Belding,  Charles  E.  Hoge,  Richard  G. 
Peters,  Thomas  F.  McGarry,  Walter  Clifford,  Charles  H.  Phelps, 
DeWitt  C.  Flanagan,  and  William  O.  Brown.  Mr.  C.  C.  Dodge  was 
elected  President  of  the  company,  holding  the  office  until  his  death 
in  1910. 
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The  company  appointed  Dr.  Corthell  its  Engineer  with  Mr.  Charles 
M.  Thompson  in  charge  on  the  ground.  Arrangements  were  made  with 
the  MaryUmd  Trust  Company  of  Baltimore  to  assist  in  the  financing, 
and  that  company  appointed  the  late  Alfred  L.  Kives,  M.  Am.  Soc. 
C.  E.,  formerly  Colonel,  C.  S.  Engrs.,  as  engineer  in  its  behalf.  Col. 
Rives,  a  member  of  the  Virginia  family  of  that  name,  and  formerly  an 
officer  in  the  Confederate  Army,  had  been  for  some  years  Superintendent 
of  the  Panama  Railroad  for  the  French  company  that  owned  the  railroad 
and  was  building  the  Panama  Canal.  Dr.  Corthell  and  Col.  Rives 
acted  as  joint  engineering  advisers,  rendering  valuable  assistance  in 
the  preparation  of  plans  and  in  various  hearings  before  the  State 
authorities.  Then  Mr.  Bussey  re-appeared  on  the  scene  and,  as  counsel, 
prepared  an  operating  plan  for  carrying  out  the  work.  Unfortunately, 
however,  unfavorable  financial  conditions  arose,  the  Maryland  Trust 
Company  became  involved,  Mr.  Bussey  and  Col.  Rives  died,  and 
Mr.  Flanagan,  in  order  to  prevent  the  charter  from  lapsing,  was  com- 
pelled to  use  his  own  private  means  to  make  the  deposit  of  $200  000 
with  the  State  Treasurer  and  $25  000  with  the  County  Treasurer,  as 
required  by  the  charter,  to  insure  payment  for  land  expropriated  and 
claims  for  damages. 

Finally,  in  1904,  Mr.  Flanagan  laid  the  project  before  Messrs. 
August  Belmont  and  Company  of  New  York,  who  promised  to  take 
it  up  when  the  general  financial  outlook  should  brighten. 

Before  considering  the  charter  and  describing  the  canal,  it  should 
be  remarked  that  though  there  is  ordy  one  feasible  route  for  a  canal 
across  Cape  Cod,  as  stated  before,  other  routes  for  a  canal  westward 
from  Massachusetts  Bay,  of  quite  different  character  and  location, 
have  been  proposed.  Of  these,  the  one  most  persistently  advocated 
was  a  canal  from  Fore  River,  near  Boston,  via  Brockton,  Bridgewater, 
and  Taunton  to  Narragansett  Bay.  Such  a  canal  and  the  others  on 
similar  inland  routes  Vv'ere  barge  and  not  ship  canals.  They  necessarily 
called  for  large  investiuent  and  required  many  locks,  and  as  the 
water  in  the  central  portion  would  have  been  fresh,  such  canals  would 
have  been  inoperative — like  the  Erie  Canal — during  the  winter.  Full 
plans  and  estimates  of  these  canals  have  never  been  prepared. 

The  act  incorporating  the  Boston,  New  York  and  Cape  Cod  Canal 
Company  is  known  as  Chapter  448,  Acts  of  1899,  and  has  been  amended 
by  Chapter  476  of  the  Acts  of  1900  and   Chapter   519  of  the  Laws 
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of  1910.  These  three  acts  constitute  the  charter  of  the  Canal  Com- 
pany, from  which  it  derives  all  its  powers  and  rights.  This  charter 
provides : 

1. — That  the  company  may  issue  its  capital  stock  to  the  extent 
of  not  exceeding  $6  000  000  and  bonds  to  the  extent  of  $6  000  000; 

2. — Right  to  construct  and  operate  a  canal  from  Cape  Cod  Bay  to 
Buzzards  Bay,  with  all  structures,  wharves,  docks,  breakwaters,  etc., 
convenient  for  the  canal,  and  operate  steam  and  other  vessels; 

3. — That  the  canal,  including  its  approaches  in  the  open  waters 
of  Cape  Cod  and  Buzzards  Bays,  shall  have  a  minimum  depth  at  mean 
low  water  of  25  ft.,  a  minimum  width  on  the  bottom  of  100  ft.  at  that 
depth,  side  slopes  of  not  steeper  than  2  horizontal  to  1  vertical,  and 
consequently  a  minimum  water  surface  of  200  ft. ; 

4. — Powers  for  taking  land  and  liability  for  damages  similar  to 
those  of  railroads; 

5. — Obligation  to  reconstruct  the  portion  of  the  Old  Colony  Rail- 
road (leased  to  the  New  York,  New  Haven  and  Hartford  Railroad) 
where  affected  by  the  construction  of  the  canal,  including  a  bridge 
or  tunnel  across  the  canal; 

6. — Obligation  to  provide  and  maintain  without  charge,  ferries, 
bridges,  or  tunnels  for  highways; 

7. — Obligation  to  construct  highways  to  connect  with  the  cross- 
ings and  to  replace  those  destroyed  by  the  canal ; 

8. — Obligation  to  deposit  with  the  Treasurer  of  the  Commonwealth 
$200  000  and  with  the  Treasurer  of  Barnstable  County  the  sum  of 
$25  000  as  guaranties  that  land  damage  claims  will  be  paid ; 

9. — Power  to  charge  tolls  for  the  use  of  the  canal  and  for  towing 
at  such  rates  as  the  directors  may  determine; 

10. — Punishment  for  wilful  damage  of  the  canal  by  payment  to 
the  company  of  treble  the  amount  of  damage  sustained  and  by  a  fine 
not  exceeding  $1  000  or  imprisonment  for  not  exceeding  one  year ; 

11. — Official  control  by  the: 
Harbor  and  Land  Commission  as  to  approval  of  general  ijlans; 
Railroad  Commission  (now  the  Public  Service  Commission)  as  to: 
Relocation  of  Old  Colony  Railroad; 
Acceptance  of  bridge  or  timnel  for  crossing  of  the  railroad  over 

or  under  the  canal; 
Fixing  of  rules  for  operating  said  bridge; 
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Joint  Board,  composed  of  the  above  two  boards  sitting  as  a  single 
board,  as  to : 
Issue  of  capital; 

Point  of  crossing  the  canal  by  the  Old  Colony  Railroad; 
Method   of    crossing    the    canal    by   highways,    whether    bridge, 

tunnel,  or  ferry; 
General  supervision  of  the  work; 
County  Commissioners  of  Barnstable  County  and  Selectmen  of 
the  towns  passed  through,  as  to: 
Relocation  of  highways; 
Points  of  highway  crossing  of  the  canal; 
Condemnation  of  property. 

The  charter  also  provided  that  the  Harbor  and  Land  Commissioners, 
the  Railroad  Commissioners,  or  the  Joint  Board  may  employ  an 
engineer  or  engineers  whose  compensation  shall  be  paid  by  the  Canal 
Company. 

In  1909  Mr.  Belmont  decided  to  begin  construction,  and,  in  order 
to  provide  the  necessary  legal  machinery  through  which  financial 
arrangements  could  be  made,  he  organized  the  Cape  Cod  Construction 
Company,  which,  with  the  consent  of  the  Railroad  Commission  of 
Massachusetts,  took  the  contract  to  construct  the  canal  for  the  amount 
of  the  bonds  and  stock  authorized  by  the  charter,  namely,  bonds  bear- 
ing interest  at  5%  to  the  par  value  of  $6  000  000  and  59  900  shares  of 
stock  with  a  par  value  of  $100  each,  100  shares  of  stock  having  been 
previously  authorized  and  issued  to  the  incorporators. 

The  directors  and  officers  of  the  Cape  Cod  Construction  Company, 
since  the  work  began,  have  been  August  Belmont,  Charles  H.  Allen, 
F.  R.  Appleton,  E.  Mora  Davison,  A.  L.  Devens,  DeWitt  C.  Flanagan, 
W.  A.  Harriman,  E.  W.  Lancaster,  L.  F.  Loree,  Jacob  W.  Miller, 
William  Barclay  Parsons,  F.  DeC.  Sullivan,  Frederick  D.  Underwood, 
and  H.  P.  Wilson.  The  executive  officers  have  been  Mr.  Belmont, 
President;  Messrs.  Miller  and  Devens,  Vice-Presidents;  Mr.  John  J. 
Coakley,  Treasurer,  and  Mr.  U.  A.  Murdock,  Secretary. 

On  the  completion  of  the  canal  (when  the  contract  between  the 
Canal  Company  and  the  Construction  Company  was  declared  com- 
pleted), the  above  gentlemen,  except  Messrs.  Devens  and  Lancaster,  who 
died  while  the  work  was  in  progress,  and  Mr.  Davison,  became  directors 
of  the  Boston,  Cape  Cod  and  New  York  Canal  Company  in  charge  of 
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operation,  with  Mr.  Belmont  as  President,  and  Mr.  Miller  as  Vice- 
President  and  General  Manager. 

Prior  to  action  by  Mr.  Belmont,  Mr.  Flanagan  and  his  associates 
had  had  surveys  made  and  plans  prepared  under  the  direction  of 
Dr.  Corthell  and  Col.  Eives.  When  the  Cape  Cod  Construction 
Company  was  formed,  the  writer  was  appointed  Chief  Engineer 
of  that  company  and  of  the  Canal  Company  as  well,  and  made 
a  new  survey  of  the  route.  The  location  finally  adopted  was  sub- 
stantially that  made  by  Messrs.  Corthell  and  Rives,  except  that, 
in  actual  construction,  the  center  line  of  the  canal  was  placed  gen- 
erally 50  ft.  north  of  and  parallel  to  the  center  line  of  the  right  of 
way,  so  that  a  canal  with  a  bottom  width  of  200  ft.  could  be  con- 
structed by  widening  on  one  side  only  for  the  most  part.  This  addi- 
tional construction  would  place  the  axis  of  the  canal  coincident  with 
that  of  the  right  of  way.  Certain  modifications  in  the  location  of 
the  approach  channel  in  Buzzards  Bay  from  the  original  Corthell- 
Rives  plans  were  also  made  as  the  result  of  further  study  subsequent 
to  their  surveys. 

The  location  as  thus  determined  commenced  in  the  open  waters 
of  Cape  Cod  or  Barnstable  Bay,  off  the  unbroken  sand  beach,  about 
3  miles  north  of  the  Village  of  Sandwich  and  -20  miles  south  of  the 
City  of  Plymouth.  It  then  traversed  the  low-lying  marshes  of  the 
Scusset  River  and  crossed  the  land  forming  the  divide  between  Cape 
Cod  and  Buzzards  Bays,  passing  through  a  depression  at  the  Village 
of  Bournedale,  where  the  surface  of  the  ground  on  the  location 
had  an  elevation  of  only  30  ft.  above  mean  sea  level,  although  it  rose, 
after  a  level  width  of  about  1 000  ft.,  occupied  by  the  location, 
to  an  elevation  of  about  125  ft.  on  both  sides.  Then  the  location 
followed  the  general  line  of  the  Monument  River,  the  depth  of  which 
varied  from  1  to  4  ft.,  to  Buzzards  Bay.  In  Buzzards  Bay  the  exist- 
ence of  shallow  shoals  with  many  boulders  prevented  (except  at 
prohibitive  cost)  the  construction  of  a  straight  channel  from  the 
mouth  of  the  Monument  River  to  deep  water  in  Buzzards  Bay  off 
Wings  Neck  Light,  so  the  location  as  adopted  followed  the  general 
line  of  the  existing  natural  channel,  which  required  two  turns. 

The  details  of  this  location,  with  a  profile  of  the  surface  along 
the  center  line  of  the  canal,  are  shown  by  Fig.  2.  A  line  drawn 
from  the  center  of  the  canal  at  the  mouth  of  the  Monument  River 
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to  the  center  of  the  canal  at  the  Cape  Cod  Bay  end  lies  almost  exactly 
due  east  and  west  (magnetic).  The  canal,  therefore,  was  considered 
as  running  east  and  west,  and  for  convenience  this  was  considered 
diagrammatically  true  of  the  Buzzards  Bay  approach,  although  the 
actual  variations  are  considerable. 

The  portion  of  the  canal  under  the  jurisdiction  of,  and  control 
by,  the  State,  and  covered  by  the  charter,  extends  from  the  beach 
line  of  Cape  Cod  Bay,  known  as  Station  11  +  70,  to  the  mouth  of  the 
Monument  River,  known  as  Station  417  -|-  18.4,  both  being  stations  of 
the  canal  survey.  For  such  distance,  40  548.40  ft.,  the  company  owns 
a  right  of  way  1 000  ft.  wide  for  9  230  ft.,  at  the  east  end,  and 
GOO  ft.  wide  from  Station  104  +  00  to  Station  417  +  18.4.  This 
length  is  referred  to  as  the  "canal  proper",  being  the  limits  of  the 
portion  belonging  to  the  company  and  over  which  tolls  can  be  col- 
lected. The  approaches  in  Cape  Cod  Bay  and  in  Buzzards  Bay  beyond 
these  limits  are  in  open  waters,  over  which  the  United  States  main- 
tains jurisdiction  and  for  which  there  is  no  right  of  way  or  charter, 
excavation  having  been  done  under  a  permit  from  the  War  Depart- 
ment. 

The  original  plans  of  Messrs.  Corthell  and  Rives  contemplated  three 
passing  places,  with  an  extra  bottom  width  of  100  ft.,  which,  after 
discussion  with  the  engineer  of  the  Joint  Board,  were  concentrated 
at  the  ends,  so  that  the  canal  as  built,  out  of  a  total  length  of  68  600 
ft.  has  only  30  800  ft.,  or  less  than  6  miles  out  of  13  miles,  with  the 
minimum  width  of  100  ft.  on  the  bottom.  In  the  canal  proper,  changes 
in  direction  are  effected  by  curves  with  radii  varying  from  7  589.49  ft. 
(1.5  miles  nearly)  to  15 113.04  ft.  (2.86  miles),  the  longest  curve 
being  9  522  ft. ;  and  in  Buzzards  Bay  by  the  tangents  meeting  with 
deflection  angles  without  curves,  a  straight-line  widening  being 
made  on  the  inside  of  the  angles  to  give  vessels  swinging  room  in 
t\irning. 

The  chief  features  of  the  location  are  as  follows : 

Length: 
In  feet.  In  mileg. 

Canal  proper  (Stations  11  +  70  to  417  -f  18.4)  .  40  548.40  =  7.68 
Dredged    approach.    Cape    Cod    Bay    (Stations 

0  —  14  to  11  +  70) 2  570.00  =   0.49 

Dredged    approach,    Buzzards    Bay     (Stations 

417  +  18.4  to  672) 25  481.60  =   4.83 
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In  feet. 


In  miles. 


Radius,  in  feet. 
5  3  536.-20 
}  1  429.81 

9  009.33 
5  6  999.92 
I  2  522.28 

o  773.33 


Total  dredged  waterway   (Stations  0  —  14  to 

672) 68  600.00  =  13.00 

Tangents  in  canal  proper 12  342.66  =^    2.84 

Tangents  in  Cape  Cod  Bay 2  570.00  =    0.49 

Tangents  in  Buzzards  Bay 25  493.29  =    4.83 

Nunaber  of  curves  in  canal  proper, 4 

Length  of  curves  in  canal  proper: 
Length,  in  feet. 
5    7  589.49  to  7  639.49 
(  11  509.19 
7  639.49 
^  11  409.19 
i  15  113.04 
11  459.19 
Total  length  of  curves  in  canal  proper :    29  270.92  ft.  =  5.54  miles. 

Number  of  angular  turns  in  Buzzards  Bay 2 

Deflection  angles  of  turns :    Station  430 43°  14' 

"         540 50°  29'  41" 

Length  with  bottom  width  of  300  ft 4  400  ft. 

"      "    250," 27  200    " 

"      "    200  " 3  000    " 

"      "    150  " 1 500    " 

"      "    100  '' 30  800    " 

"  "  250  to  450  ft.  (turns) ....  4  000  " 
"  "  200  to  300  "  transition..  1000  " 
"      "    150  to  250    "  "         .  .      300    " 

"      "    100  to  200    "  "         .  .      400    " 

Slight  apparent  discrepancies  will  be  noted  in  some  of  the  fore- 
going figures.  The  explanation  is  that  the  total  lengths  of  the  canal 
are  given  as  measured  on  the  center  line  of  the  location,  but  the 
detailed  lengths  of  the  curves  and  tangents  are  those  of  the  present 
canal,  as  actually  constructed,  offset  from  the  center  line  of  the  right 
of  way.  When  the  canal  is  widened  and  the  two  center  lines  become 
coincident,  the  summation  of  the  lengths  of  curves  and  tangents  will 
agree  with  the  total  lengths  as  given,  and  the  varying  lengths  of  the 
radii  of  the  compound  curves  will  disappear. 

The  adopted  cross-sections  of  the  canal  are  shown  on  Fig.  3,  in 
which  the  steepest  slope  in  the  canal  proper  is  put  at  1  on  2  to 
a  point  6  ft.  above  high-water  level ;  in  the  approaches,  however,  where 
wave  action  is  more  pronounced,  and  no  opportunity  is  afforded  to 
protect  the  slopes  against  wave  action,  the  minimum  slopes  were  made 
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1  on  3.  As  there  is  considerable  difference  in  tidal  elevation  at  the 
two  ends,  the  mean  amplitude  of  the  tide  at  the  eastern  end  being 
nearly  10  ft.,  the  bottom  grade  of  the  canal  is  on  a  slope  in  order 
to  give  a  depth  of  25  ft.  at  mean  low  water.  Thus  the  elevation  of 
the  bottom  of  the  canal  at  the  east  end  is  30  ft.  below  mean  sea 
level,  and  at  the  west  end  it  is  27.5  ft.  The  slope  of  the  bottom, 
however,  is  on  a  curved,  and  not  a  straight,  line,  as  the  heights  of 
mean  high  and  mean  low  water  in  the  canal  proper  make  concave  and 
convex  curves,  respectively,  all  of  which  details  will  be  referred  to 
later. 

CROSS-SECTIO_NS 
BOSTON,  CAPE  COD,  AND  NEW  YORK  CANAL 


^  Mean  Low  Water 


APPROACH  CHANNEL 
Pig.  3. 


At  the  west  end  the  approach  and  canal  entrance  are  land  locked 
and  required  no  special  consideration,  but  at  the  east  end  the  canal 
debouches  on  an  open  sandy  shore,  with  full  exposure  to  winds  coming 
from  any  part  of  the  quadrant  north  to  east.  Winds  west  of  north 
(magnetic)  are  broken  by  the  high  ground  south  of  Plymouth,  and 
winds  east  of  northeast  (magnetic)  are  partly  broken  by  the  low- 
lying  cape  25  miles  distant  and  by  the  land  constantly  getting  nearer 
as  the  bearing  approaches  south,  when  the  land  makes  a  complete  lee. 
Between  north  and  northeast  the  winds  have  a  clean  sweep  from  the 
Maine  coast,  a  fetch  of  180  miles. 

To  protect  the  easterly  entrance  to  the  canal,  and  permit  vessels 
to  enter  at  times  of  storm,  there  were  designed  and  constructed  two 
parallel  breakwaters,  800  ft.  apart.  The  larger  one,  on  the  north  side, 
has  a  length  of  3  000  ft.  from  the  contour  of  mean  high  water,  and 
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provides  protection  against  north  and  northeast  winds.  The  smaller, 
1  000  ft.  long,  on  the  south  side,  is  intended  to  stop  the  littoral  sand 
movement  from  the  south. 

Other  works  required  vrere:  the  protection  of  the  slopes  with  rip- 
rap from  6  ft.  below  mean  low,  to  6  ft.  above  mean  high,  water,  the 
relocation  of  the  railway,  the  construction  of  certain  bridges  and 
ferries,  highways,  lighting  system,  and  other  aids  to  navigation,  all 
of  which  will  be  described  in  order. 

The  surveys  and  plans  being  complete,  a  contract  was  made  on 
May  15th,  1909,  after  competitive  bidding,  with  the  Degnon  Cape  Cod 
Canal  Construction  Company,  a  contracting  organization  incorpo- 
rated specially  to  excavate  the  canal  and  its  approaches,  build  the 
breakwater  and  protect  the  banks  with  rip-rap.  All  other  required 
works  were  specifically  exempted  and  reserved  for  other  contracts  with 
this  or  other  contractors. 

This  conapany  was  owned  jointly  by  the  Degnon  Contracting  Com- 
pany of  New  York  and  the  Furst-Clark  Contracting  Company  of 
Baltimore,  and  it  sub-contracted  to  the  Degnon  Company  the  break- 
water  and   bank  rip-rap,   and   to   the    Furst-Clark   Company    all   the 

It 

excavation. 

Having  thus  given  a  condensed  sketch  of  the  history  of  the  enter- 
prise and  of  the  facts  leading  to  the  execution  of  the  main  contract, 
the  principal  details  of  actual  construction  will  be  considered  separately. 

Excavation. — The  work  was  formally  begun  by  Mr.  Belmont  "turn- 
ing the  first  sod"  on  June  22d,  1909,  though  actual  construction  was 
started  on  June  19th  by  the  Degnon  Contracting  Company  depositing 
the  first  stone  in  the  breakwater.  The  contractors  recognized  that 
the  breakwater  must  be  advanced  so  as  to  afford  some  lee  for  a  dredge 
to  cut  through  the  beach  of  Cape  Cod  Bay. 

The  Furst-Clark  Company,  dredging  , contractors  of  long  and 
varied  experience,  considered  that  the  excavation,  certainly  of  the 
canal  proper,  could  be  done  almost  wholly  by  hydraulic  dredges,  and 
arranged  for  such  plant,  except  in  the  approach  channel  in  Buzzards 
Bay,  where,  spoil  area  for  pumping  not  being  available,  the  material 
had  to  be  dug  and  removed  in  scows.  They  acted  promptly,  placing 
the  dredge  Kennedy  at  work  in  Buzzards  Bay  on  August  2d.  This 
dredge  was  of  the  "ladder"  type  with  f-cu.  yd.  buckets;  it  was  followed 
on   October   25th   by    Coastwise   Dredge   No.    1,   a   small   "clam-shell" 
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machine.  The  plan  was  that  these  dredges,  to  be  assisted  by  others 
later,  were  to  cut  a  deep  channel  through  to  the  Monument  River  to 
permit  hydraulic  dredges  to  enter  and  excavate  the  canal  proper  while 
excavators  of  other  types  were  completing  the  approach  channel. 

On  October  16th  the  first  attempt  to  cut  through  at  the  east  end 
was  begun  by  the  Mackenzie,  a  22-in.  hydraulic  dredge,  starting  as 
close  to  the  beach  as  it  could  work.  The  attempt  was  not  successful. 
As  the  breakwater,  in  its  early  stage,  provided  but  little  protection, 
and  as  the  waters  were  exposed,  the  dredge  had  to  be  withdrawn  either 
to  Provincetown  or  Plymouth  every  time  a  storm,  or  even  high  wind, 
was  threatened.  Finally,  in  December,  the  plan  was  abandoned,  and 
the  Naliant,  a  small  clam-shell  dredge  with  a  long  boom,  was  floated 
in  through  the  Scusset  River  and  shallow  channels  crossing  the 
marshes  into  what  remained  of  the  old  Lockwood  excavation.  On 
January  24th,  1910,  this  dredge  began  to  work  seaward,  opening  the 
old  canal  which  had  become  closed  at  the  beach,  and  placing  the  exca- 
vated material  on  shore.  On  April  7th,  it  had  cut  a  way  through  to 
open  water,  and  on  the  following  day  the  Mackenzie  entered  the  canal 
and  the  Naliant  was  withdrawn. 

With  the  idea  of  removing  some  of  the  over-burden  in  the  dry,  the 
contractors  erected  in  December,  1909,  and  January,  1910,  two  "drag 
line"  excavators.  The  former  continued  in  operation  until  November, 
1910,  and  the  latter  until  February,  1911.  The  results  were  very  unsat- 
isfactory, as  these  machines  were  not  adapted  to  the  soil  to  be  ex- 
cavated, and  were  too  heavy  to  move  over  rough  and  swampy  groTind. 
They  involved  the  contractors  in  a  heavy  loss. 

In  the  spring  of  1910  the  Furst-Clark  Company  placed  at  work 
another  22-in.  hydraulic  dredge  (known  as  Number  9)  at  the  east 
end  to  work  in  tandem  with  the  Mackenzie,  and  at  the  west  end  the 
4-cu.  yd.  dipper-dredge,  Bothfeld,  followed  in  August  by  the  Onondaga, 
a  9-cu.  yd.  dipper-dredge,  and  in  September  by  a  smaller  machine,  the 
Neponset.  In  July,  the  Bothfeld  having  deepened  the  channel  suffi- 
ciently, the  Warren,  a  12-in.  hydraulic  dredge,  entered  the  Monument 
River  and  began  spoiling  on  shore. 

By  this  time  the  contractors  realized  that  they  faced  a  much  more 
serious  task  than  they  had  anticipated.  The  material  contained  so 
many  boulders  and  such  a  high  proportion  of  cobbles,  cemented  gravel, 
and  stiif  clay  that  it  could  not  be  excavated  completely  by  hydraulic 
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dredges  except  in  places,  and  recourse  must  be  had  to  "dipper"  ma- 
chines. The  contractors  thereupon  purchased  the  plant  of  another 
company,  consisting  of  three  dipper-dredges :  the  National,  Capitol, 
and  International,  with  buckets  of  from  5  to  6  cu.  yd.  and  the  Federal, 
a  small  hydraulic  dredge.  The  first  three  arrived  in  Buzzards  Bay  in 
N"ovember  and  December,  1910,  but  the  Capitol  and  National  were  at 
once  towed  around  the  Cape  to  the  east  end  to  assist  the  Mackenzie, 
which  was  having  difficulty  with  the  hard  material,  the  Number  9 
having  been  already  withdrawn. 

At  this  time  there  were  at  work  one  first-class  hydraulic  dredge, 
one  old  ladder-dredge,  in  good  condition  but  not  adapted  to  this 
work,  one  small  hydraulic  dredge,  and  five  dipper-dredges,  all  old  and 
of  designs  fitted  for  digging  only  soft  material,  and  it  was  evident 
that  the  plant,  even  as  reinforced  by  the  purchase  of  the  hydraulic 
and  the  three  dipper-dredges,  would  not  suffice.  Arrangements  were 
then  made  to  remove  some  top  material  by  steam  shovels,  work  which 
the  excavators  had  failed  to  do.  Two  shovels,  with  2  and  2^-cu.  yd. 
buckets,  were  set  to  work  during  the  summer  of  1911,  when  the 
Federal  started  at  the  west  end  of  the  canal,  and  the  Sujfolk,  another 
12-in.  hydraulic,  took  the  place  of  the  Warren. 

The  contractors  were  soon  compelled,  however,  to  realize  that  their 
dipper-dredges,  or  in  fact  any  other  dipper-dredges  then  in  existence, 
were  wholly  unsuited  to  the  allotted  tasks,  and  that,  if  they  were  to 
complete  the  work,  powerful  modern  equipment  must  be  obtained. 
Then,  at  the  end  of  2  years,  instead  of  at  the  outset,  orders  were  given 
for  the  construction  of  two  powerful  dipper-dredges,  the  Governor 
Warfield  and  the  Governor  Herrick. 

These  dredges  were  designed  and  built  by  The  American  Locomo- 
tive Works,  of  Paterson,  N.  J.,  being  advised  by  A.  W.  Robinson, 
M.  Am.  Soc.  C.  E,,  and  Mr.  A.  D.  Morris,  Mechanical  Engineer  of  the 
Furst-Clark  Company.  The  hulls  are  of  steel,  135  ft.  long,  42  ft. 
wide  (though  50  ft.  wide  over  the  forward  spud  sponsons),  7  ft.  draft 
when  resting  on  the  spuds,  and  10  ft.  maximum  draft  when  floating. 
The  forward  spuds  are  70  ft.  long  and  42  in.  square  in  cross-section, 
with  "pin-up"  and  "pick-up"  operation  by  cable.  The  stern  spuds 
are  70  ft.  long  and  30  in.  square,  with  rack  and  pinion  pick-up.  All 
spuds  are  made  of  braced  steel  plates.  The  forward  spuds  are  placed 
so  that  the  boom  can  swing  through  an  arc  of  180°,  a  necessary  feature 
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when  a  dredge  is  to  work  in  a  heading  and  load  scows  alongside. 
The  boom,  57  ft.  long,  is  of  the  rigid  Robinson  model.  The  dipper- 
handle,  of  composite  steel  and  wood  construction,  is  2  ft.  6  in.  by  2 
ft.  8  in.  in  cross-section,  and  62  ft.  10  in.  long,  capable  of  digging  in 
40  ft.  of  water.  On  the  boom,  controlling  the  dipper-handle,  is  a 
"crowding"  engine,  which  is  controlled  by  the  dipper  tender. 

For  each  operating  part  of  the  dredge  there  is  a  separate  engine, 
as  follows : 

1  Main    hoisting    engine;    two    18    by   24-in.    cylinders;    single 

condensing. 
1  Backing  drum,  operated  by  main  engine. 

1  Swinging  engine;  two  10  by  14-in.  cylinders;  single  condensing. 

2  Forward    spud    engines;    two    12    by    15-in.    cylinders;    single 

condensing. 
2  Aft  spud  engines;  two  8  by  8-in.  cylinders;  single  condensing. 
1  Crowding  engine;  two  12  by  15-in.  cylinders;  non-condensing. 

1  Dipper  latch  engine;  7  by  24-in.  cylinder;  non-condensing. 

2  Deck  engines;  two  9 J  by  12-in.  cylinders;  single  condensing. 
2  Capstan  engines;  two  6  by  8-in.  cylinders;  single  condensing. 

1  Rock  hoist  engine;  two  8  by  12-in.  cylinders;  single  condens- 
ing; capable  of  lifting  60  tons. 
1   Surface  condenser ;  1  500  sq.  ft.  cooling  surface. 
1  Refrigerating  plant. 
1  Electric  light  engine;  10  kw. 

1  Air  compressor. 
5  Pumps. 

2  Scotch  marine  boilers,   116  in.   in   diameter,   7  ft.   long;   1350 

sq.  ft.  of  heating  surface,  capable  of  generating  steam  at  135 
lb.  pressure. 
1  Auxiliary  vertical  boiler;  48  in.  in  diameter,  9  ft.  high. 

The  dippers  are  of  two  sizes,  10  cvi.  yd.  for  sand,  gravel,  etc.,  and 
8  cu.  yd.  for  rock.  The  main  hoisting  cable  is  a  single  line,  21  in.  in 
diameter.  The  backing  spud  and  swinging  cables  are  1|  in.  and  2^ 
in.  in  diameter,  respectively.  By  avoiding  sharp  turns  in  the  cables 
and  using  large  sheaves  where  tiu'us  were  necessary,  a  very  high 
average  life  of  cable  is  secured.  The  main  and  backing  cables  will 
dig  about  300  000  cu.  yd.,  scow  measure,  of  hard  material.  The  spud 
cables  will  last  for  about  1  year  of  continuous  work  for  the  "pin-up" 
and  nearly  2  years  for  the  "pick-up"  cables;  the  swinging  cables  will 
last  from  5  to  7  months. 


28  THE   CAPE   COD  CANAL 

The  vessels  are  equipped  with  quarters  for  double  crews,  including 
an  inspector's  room,  and  a  large  galley  with  separate  messrooms  for 
officers  and  crew. 

These  dredges  were  built  on  the  canal.  The  plates  for  the  hull 
were  sent  to  the  site  punched,  and,  after  the  hulls  had  been  constructed 
and  launched,  the  several  engines,  built  at  Paterson,  were  shipped 
in  pieces  and  erected  on  board. 

After  tuning  up  and  some  reconstruction,  these  two  machines  have 
made  an  extraordinary  record.  The  best  single  day's  record  was  more 
than  8  000  cu.  yd.,  and  the  best  month  131  000  cu.  yd.,  in  both  cases 
"place"  measurement,  although  dredges  are  usually  rated  by  scow 
measurement,  which  includes  a  swell  of  from  15  to  20  per  cent. 
These  records  were  accomplished,  not  in  an  open  seaway  with  plenty 
of  room,  but  in  a  narrow  channel,  and  in  a  closed  heading  involving 
the  turning  of  nearly  every  scow  so  as  to  load  both  ends.  The  scows 
were  also  necessarily  small,  usually  having  a  capacity  of  from  600  to 
700  cu.  yd.,  and  the  material  dug  was  very  hard  sand  when  at  best, 
and  contained  boulders  running  up  to  30  and  40  tons.  The  average 
record,  as  shown  by  9  consecutive  months  when  engaged  in  straight 
work,  was  more  than  95  000  cu.  yd.  per  month. 

The  operating  crew  for  double  shift — so  as  to  give  continuous 
service — consists  of  from  25  to  28  men  for  two  shifts  as  follows: 

1  Captain, 

1  Chief  Engineer, 

1  Second  Engineer, 

2  Operators, 

2  Dipper  tenders, 

1  Handy  man,  with  rank  of  dipper  tender, 

2  Oilers, 

6  Firemen  (3  shifts), 

2  Mates, 

6  Deckhands, 

1  Cook, 

1  or  2  Messboys. 

When  in  continuous  operation,  11  tons  of  soft  coal  are  burned 
daily.  The  Herrick  began  work  in  July,  and  the  Warfield  in 
August,  1912. 
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While  these  dredges  were  being  built,  the  Chief  Engineer  urged 
the  contractors  to  get  more  plant  at  work  in  the  central  portion.  One 
plan  that  was  considered  to  increase  the  plant  was  to  place  the  large 
hydraulic  dredge  Mackenzie  on  railway  trucks  and  on  a  special  ship 
railway  transport  it  over  the  right  of  way  from  about  Station  140  to 
about  Station  220,  where  a  pool  in  the  Monument  Eiver  could  be 
formed  to  permit  it  to  begin  work.  This  plan  was  abandoned  in 
favor  of  building  a  new  hull  for  the  Federal,  and  erecting  in  it  new 
boilers  but  retaining  the  old  pump  and  machinery,  and  converting 
the  dredge  at  the  same  time  into  a  15-in.  machine.  This  was  done, 
and  the  reconstructed  Federal  was  set  to  work  inland  in  August,  1912. 
By  thus  starting  an  operating  unit  between  the  headings,  the  same 
advantage  was  obtained  as  sinking  a  shaft  in  tunnel  work. 

As  excellent  and  economical  as  were  the  dredges  Warfield  and 
Herrich,  they  were  built  too  late  to  permit  the  work  to  be  completed 
within  the  limits  of  the  contract.  In  August,  1912,  the  Construction 
Company  made  a  separate  contract  with  the  E.  W.  Foley  Construction 
Company  for  a  steam  shovel  to  assist  in  the  removal  of  the  over- 
burden, and  in  the  autumn  of  that  year  took  up  with  the  Degnon 
Cape  Cod  Canal  Construction  Company  the  whole  question  of  carry- 
ing on  the  work.  The  outcome  of  this  Avas  the  dissolution  of  that 
company,  and  the  making,  as  of  November  1st,  1912,  of  two  contracts 
directly  with  the  component  partners  in  that  company  who  had  here- 
tofore been  acting  as  sub-contractors.  The  Degnon  Contracting 
Company  undertook  to  complete  all  the  stone  work,  under  the  terms 
and  conditions  of  the  original  contract,  which  they  carried  out.  The 
Furst-Clark  Construction  Company  took  over,  under  a  direct  contract, 
but  under  different  terms  from  the  original  contract,  all  the  excava- 
tion except  such  as  the  Construction  Company  might  do  itself  or 
under  other  contracts  with  other  parties,  including  the  single  Foley 
contract  already  in  force. 

When  it  was  first  fully  realized  that  the  excavation  was  more  dif- 
ficult, not  only  than  originally  expected,  but  even  after  considerable 
experience,  the  writer  urged  on  the  general  contractor  the  advisa- 
bility of  extending  the  operations  of  the  steam  shovels,  and  even  to 
take  2  or  3  miles  in  the  central  portion  of  the'  canal  proper,  and 
not  only  remove  the  part  above  ground-water  level,  which  was  about 
Elevation  108,  by  shovels,  as  they  were  doing  in  a -small  way,  but  to 
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erect  pumps,  carry  the  Monument  River  in  a  flume  around  the  work 
and  then  complete  the  excavation  of  the  canal  to  grade  and  rip-rap 
the  banks  in  the  dry,  breaking  up  the  boulders  encountered  for  this 
purpose.  The  contractors,  however,  were  afraid  that  an  excavation 
to  a  depth  of  36  ft.  below  the  level  of  ground-water  and  having  a 
width  at  the  bottom  of  100  ft.  for  a  distance  of  from  10  000  to  15  000 
ft.  in  a  soil  composed  chiefly  of  sand  and  gravel,  would  be  one  that 
could  not  be  kept  sufficiently  dry,  and  they  declined  to  undertake  it. 

When  the  excavation  contract  was  remade,  in  December,  1912,  but 
effective  as  of  November  1st,  the  Construction  Company,  realizing 
that  the  Furst-Clark  plant  could  not  probably  complete  the  work  as 
quickly  as  desired,  decided  to  undertake  itself  the  working  of  steam 
shovels  below  water  level,  and  made  a  new  contract  with  the  Foley 
Company,  with  profits  dependent  on  success.  In  addition  to  its  2-cu. 
yd.  shovel  already  at  work,  the  Foley  Company  purchased  a  2i-cu. 
yd.  shovel,  which  had  been  working  in  the  dry  under  a  sub-contract 
with  the  Furst-Clark  Company,  which  work  was  substantially  com- 
pleted. 

At  first  a  stretch  of  work  between  about  Stations  235  and  255  was 
taken,  and  a  steam  shovel  put  in.  This  section  was  selected  because  the 
Monument  River  between  these  points  lay  in  its  old  bed,  outside  of  the 
canal  excavation.  It  was  soon  found  that  the  difficulty  of  maintaining 
a  sufficiently  dry  excavation  to  a  depth  of  at  least  10  ft.  below  ground- 
water was  negligible,  and  it  was  decided  to  extend  the  operations.  The 
Foley  Company  arranged  for  a  third  shovel. 

The  Monument  River  flows  into  the  canal  at  Station  195,  coming 
from  the  north  and  almost  at  right  angles  to  it.  To  the  eastward  of 
this  station  the  ground  above  Elevation  108  had  been  removed,  and  as 
this  was  but  little  higher  than  the  elevation  of  the  bed  of  the  river,  a 
small  dam  was  sufficient  to  divert  its  flow  to  the  eastward,  so  that  the 
only  water  to  be  encountered  was  ground  seepage.  Four  natural  dams 
were  left,  at  Stations  208,  216,  234,  and  276.  It  was  first  expected  to 
confine  operations  between  the  dams  at  Stations  216  and  276,  but 
afterward,  when  it  was  seen  that  the  advance  progress  of  the  dredge  at 
the  east  end  was  slower  than  scheduled,  excavation  by  steam  shovel  was 
extended  to  the  section  lying  between  Stations  216  and  208. 

The  pumping  plant  consisted  of  four  centrifugal  pumps,  with  14-in. 
suction   and   12-in.    discharge,   driven   by   General   Electric   induction 
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motors  developing  50  h.  p.  at  550  volts ;  two  5-in.  centrifugal  pumps, 
direct-connected  to  550-volt  induction  motors;  one  10-in.  and  one 
S-in.  steam  pump. 

At  one  time  the  whole  excavation  from  Stations  208  to  276  (6  800 
ft.)  was  open,  and  a  large  part  with  an  average  depth  of  at  least  20 
ft.  below  the  level  of  ground-water,  and  the  foregoing  plant,  which  had 
one-half  in  reserve,  was  amply  sufficient  to  keep  the  trench  free  of 
water.  In  fact,  one  of  the  large  pumps  riinning  steadily  would  have 
sufficed. 

The  maximum  depth  made  by  the  Foley  Company  was  a  cut  at 
Elevation  85  (mean  sea  level  being  100),  or  23  ft.  below  the  elevation 
of  ground-water.  Between  Stations  208  and  216  the  bottom  of  the  pit 
was  at  about  Elevation  95;  between  Stations  216  and  234  at  90;  and 
between  Stations  234  and  276  from  85  to  90.  Some  of  the  boulders 
encountered  were  broken  by  blasting,  and  the  pieces  were  used  to  rip- 
rap the  north  bank  of  the  excavation  between  Stations  220  and  265. 

The  Eoley  shovels  were  served  by  narrow-gauge  locomotives  and 
4-cu.  yd.  cars. 

The  first  of  the  dams  to  be  removed  by  a  dredge  was  that  at  Station 
276,  then  followed  the  dams  at  Stations  208  and  216,  in  order,  leaving 
that  at  Station  234  for  the  last. 

The  Furst-Clark  Company  continued  using  its  dredging  equip- 
ment, but  with  the  addition  of  another  old  dipper-dredge,  the 
Weymouth,  with  a  5-cu.  yd.  dipper,  while  the  Foley  Company  oioerated 
three  steam  shovels  by  the  aid  of  pumps  under  a  separate  contract. 
Thus  the  work  continued  during  1913,  and  by  June,  1914,  the  only 
remaining  excavation  in  sight  was  the  Foley  dam  at  Station  234.  This 
was  removed  in  July,  and  the  formal  opening,  but  of  a  canal  not  to  full 
depth  at  all  points,  was  on  July  29th,  1914.  On  the  following  day  the 
canal  was  thrown  open  to  commercial  traffic  by  vessels  drawing  not 
more  than  15  ft. 

Immediately  after  the  opening,  the  Furst-Clark  Company  objected 
to  continuing  the  work  of  completion  with  traffic  having  the  right  of 
way,  and  stopped  work  in  September.  An  arrangement  was  then 
effected  whereby  the  Construction  Company  undertook  the  work  of 
completion,  the  Furst-Clark  Company  turning  over  the  dredge  War- 
field  and  some  other  plant  for  use  by  the  Construction  Company. 
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In  the  completion  of  tlie  work  the  Construction  Company  used 
three  dredges  and  two  corps  of  divers  and  lighters.  As  it  was  decided 
to  maintain  traffic,  it  was  desirable  that  the  plant  used  in  the  portion 
of  the  canal  where  the  bottom  width  was  100  ft.  should  occupy  the 
minimum  of  space.  An  investigation  showed  that  much  of  the  material 
in  this  portion  could  be  handled  by  a  powerful  suction-dredge,  and 
such  a  machine  was  found  in  Dredge  No.  3,  belonging  to  the  Metro- 
politan Dredging  Company,  Mr.  E.  P.  Marshall,  President.  This 
dredge  had  a  20-iu.  suction,  and  an  engine  capable  of  developing  1  000 
h.  p.  It  was  chartered,  set  to  work  in  December,  1914,  and  dismissed 
from  charter  on  October  2d,  1915,  during  which  time  it  rendered  most 
efficient  service.  Dredge  A,  of  the  Standard  Engineering  Company, 
also  a  20-in.  machine,  was  taken  under  charter  and  used  to  complete 
the  excavation  at  the  east  end.  The  Warfield  worked  generally  in  the 
wider  portions  of  the  canal  and  the  approaches,  although  it  was  used 
in  the  100-ft.  section,  as  it  was  found  that,  with  a  little  practice,  scows 
could  be  shifted  from  alongside  to  ahead  and  back  to  permit  vessels 
to  pass. 

When  the  Wa7'field  was  first  used  in  the  100-ft.  section,  the  dredge 
worked  only  on  a  fair  tide,  as  it  could  not  move  itself  and  the  scow 
against  the  current.  As  soon  as  the  spuds  were  lifted,  the  weight  of 
the  dipper  on  the  bottom  was  not  sufficient  to  hold  the  dredge,  and  it 
would  slip  back.  The  suggestion  was  made  by  W.  J.  Douglas,  M.  Am. 
Soc.  C.  E.,  Deputy  Chief  Engineer  of  the  Canal  Company,  to  turn 
the  dredge  at  slack  water,  taking  up  a  new  position,  so  that  it  would 
always  be  working  in  the  direction  of  the  current.  This  movement  was 
easily  performed,  the  crew  soon  becoming  so  expert  that  substantially 
continuous  service  was  secured. 

The  great  obstacle  to  be  overcome  in  the  completion  of  the  excava- 
tion was  the  removal  of  the  boulders,  which  were  found  in  surprisingly 
large  numbers,  even  when  the  canal  was  considered  finished.  The 
small  lumps  which  were  expected  to  flatten  out  by  wave  action  were 
found  in  nearly  every  case  to  be  the  ends  of  boulders,  and  to  remove 
them  meant  the  digging  up  of  boulders  that  were  embedded  many 
feet.  Similar  experience  was  had  on  both  banks,  where  the  existence 
of  boulders  could  be  detected  only  by  divers.  Other  boulders  were 
found  lying  along  the  toes  of  the  side  slopes,  whither  they  had  been 
apparently  rolled  by  the  dipper-dredges. 
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These  boulders  were  located  by  sweeping  and  by  divers,  and  were 
removed  either  by  hoisting-  in  slings,  attached  by  the  divers,  by  large 
steam  lighters,  or  were  broken  by  blasting  and  the  pieces  disposed  of. 
The  blasting  was  done  usually  by  placing  charges  of  dynamite  on  top 
of  the  boulder,  depending  on  the  overlying  water  to  act  as  tamping. 
The  explosive  used  was  du  Pont  75%  gelatine  dynamite,  the  charge 
varying  from  25  to  200  lb.  The  best  results  seemed  to  be  produced  by 
charges  of  about  50  lb.,  even  if  they  had  to  be  repeated,  the  second  and 
subsequent  charges  being  inserted  in  the  fissures  made  by  the  first. 

Eoulders  as  large  as  80  tons  have  been  thus  disposed  of;  the  total 
number  handled  by  divers,  either  by  blasting  or  slings,  was  about  700, 
weighing  in  the  aggregate  perhaps  3  500  tons. 

A  large  piece  of  work  teaches  lessons  of  two  classes :  successes  and 
mistakes.  The  second  class  is  quite  as  important  as  the  first,  if  not 
more  so.  The  lessons  of  the  first  class  usually  need  no  historian,  for 
they  always  speak  for  themselves,  whereas  those  of  the  second  class 
are  too  frequently  buried  and  lost  sight  of.  The  work  of  excavation 
of  this  canal,  the  largest  single  item  in  its  construction,  is  not  without 
lessons  of  the  second  class. 

The  first  of  these  was  the  failure  to  see  that  in  work  of  this  char- 
acter the  steam  shovel  is  superior  to  the  dredge.  The  excavation  con- 
tract being  taken  by  a  company  whose  great  experience  was  in  dredging 
naturally  led  them  to  use  that  method  of  attack,  overlooking  the  wonder- 
fully elastic  capabilities  of  the  American  steam  shovel. 

In  open  water,  dredging  is  the  only  method  of  excavating.  As 
many  units  as  desired  can  be  used,  and  progress  is  not  absolutely 
dependent  on  any  particular  one.  In  the  case  of  a  canal  excavated 
through  land,  unless  some  means  are  devised  for  attack  at  intermediate 
points,  advance  depends  entirely  on  the  ability  of  the  dredges  at  the 
two  headings  to  maintain  continuous  performance.  In  practice  this 
is  very  far  from  realization.  Any  accident,  any  stoppage  for  repairs, 
and  the  whole  advance  at  that  end  ceases.  By  the  very  nature  of  the 
machine,  there  can  be  no  reserve.  Interest,  hire  of  plant,  overhead 
expenses,  and  much  labor  cost  continue,  regardless  of  whether  progress 
is  or  is  not  made.  Economy,  therefore,  demands  that  progress  should 
be  as  nearly  continuous  as  possible,  in  order  to  carry  this  heavy  over- 
burden. In  the  case  of  the  Cape  Cod  Canal,  the  irregularity  in  the 
character   and   composition   of   the   soil   greatly  hampered   successful 
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dredging  operations.  A  single  boulder  would  frequently  delay  a  whole 
unit — dredge,  tugs,  and  scows — for  many  hours.  Even  when  not  de- 
layed, progress  was  measured  by  the  capacity  of  only  two  machines. 

By  the  use  of  steam  shovels,  the  reverse  takes  place.  Each  unit  is 
comparatively  inexpensive,  and  is  independent  of  any  other.  There- 
fore, many  can  be  used  economically,  and  shovels  can  be  held  in  reserve 
to  take  the  place  of  any  temporarily  disabled,  reducing  loss  through 
idle  plant  to  the  minimum.  Thus  a  long  stretch  of  work  can  be  covered 
with  plant,  instead  of  having  it  concentrated  at  two  points.  With  soil 
so  variable  in  character  as  that  at  Cape  Cod,  it  is  of  the  greatest  benefit 
■to  have  it  exposed  to  sight.  Boulders  beneath  water  were  annoying  and, 
through  the  delay  to  plant,  expensive,  but  in  the  dry  bothered  steam 
shovels  scarcely  at  all.  If  too  large  to  lift,  they  were  rolled  to  one  side, 
and,  after  the  shovel  had  passed,  were  broken  by  blasting  and  the  parts 
picked  up  on  the  next  cut. 

Every  one  admitted  the  feasibility  of  removing  by  shovels  the 
material  lying  above  ground-water  level,  and  the  general  contractors 
began  such  work  as  soon  as  it  was  seen  that  rapid  progress  by  hydraulic 
dredges  was  not  to  be  expected.  The  fear  was  of  the  difficulty  of  suc- 
cessfully and  permanently  lowering  the  water  level.  Experience  showed 
that  there  was  no  serious  difficulty  in  keeping  the  trench  unwatered. 
The  economical  programme  would  have  been  to  have  constructed  dams 
at  about  Station  112,  where  there  was  a  highway,  and  at  Station  317, 
where  there  was  a  railway  embankment,  and  to  have  put  in  a  battery 
of  large  steam  shovels,  with  dippers  of  5  cu.  yd.  capacity,  served  by 
standard  gauge  equipment.  These  shovels  would  have  handled  with- 
out trouble  all  the  small  boulders  and  fragments  of  the  blasted  ones, 
ajid  the  large  cars  would  have  received  them  without  damage.  Between 
these  limits  there  were  about  6  500  000  cu.  yd.,  of  which  about  4  500  000 
cu.  yd.  were  below  the  level  of  ground-water.  One-half  of  the  canal 
proper  (20  500  ft.)  could  have  been  thus  unwatered  and  fully  completed 
in  the  dry,  with  all  boulders  removed,  slopes  trimmed  to  even  planes, 
floor  leveled,  and  banks  carefully  protected  by  hand-placed  rip-rap. 

While  this  work  was  progressing  the  part  east  of  Station  112  cotdd 
have  been  excavated  by  a  hydraulic  dredge,  the  Scusset  marshes  afford- 
ing convenient  spoiling  area,  a  few  hard  lumps  being  removed  at  the 
end  by  a  dipper-dredge.  West  of  Station  317  two  dredges  of  the  War- 
field  type  should  have  been  built,  and  should  have  worked  in  tandem. 
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completing  the  channel  from  Wings  Neck  Light.  In  the  approach 
channel  in  Buzzards  Bay  there  were  about  3  250  000  cu.  yd.,  and  between 
the  west  end  of  the  canal  proper  and  Station  317  about  1  750  000  cu.  yd. 
Of  the  latter  perhaps  one-half  could  have  been  put  ashore  by  a  light- 
draft  hydraulic  dredge,  as  was  done  in  part,  making  a  good  channel 
for  one  of  the  larger  dipper-dredges  to  work  in  completing  to  Station 
317.  In  this  way  there  would  have  been  used  two  large  dipper-dredges, 
one  large  hydraulic  dredge,  one  small  hydraulic  dredge,  one  clam-shell 
to  cut  through  the  east  beach,  as  was  done  by  the  Nahant,  and  four  or 
five  large  steam  shovels.  Such  a  plant,  by  putting  practically  the  whole 
length  under  construction  simultaneously,  could  have  completed  the 
canal  in  3  years.  Instead  of  ten  units  there  were  actually  used  no  less 
tiian  twenty-six. 

The  second  lesson  was  the  use  of  antiquated  instead  of  modern  plant. 
In  Table  1  the  work  of  fifteen  dredges  is  shown  comparatively  by  giving 
tlie  total  output  of  each  dredge  while  it  was  on  the  work,  the  equivalent 
number  of  months  worked,  and  the  average  per  month.  This  table 
includes  all  vicissitudes  of  the  work — time  lost  through  stress  of 
weather,  repairs,  delay  in  the  scow  service,  and  other  causes.  The 
average,  therefore,  is  one  of  good  and  bad,  and  the  time  each  dredge 
worked  was  sufficiently  long  to  give  a  fair  average  of  all  conditions. 
The  number  of  months  worked  is  a  fair  reduction  of  the  time  given  in 
months  when  the  dredge  was  actually  in  service,  including  the  time 
laid  up  for  small  repairs.  Where  the  dredge  was  absent  from  the  work 
for  one  whole  month  that  time  has  not  been  included.  The  names  are 
not  given,  except  in  the  cases  of  the  Warfield  and  the  Herriclc,  as  it  is 
unnecessary  to  make  special  and  invidious  comparisons. 

TABLE  1. — Comparison  of  the  Work  of  Dredges. 


Dredge. 

Total  output, 
in  cubic  yards. 

Months. 

Average  per 

month,  in 
cubic  yards. 

Warfield 

1  265  800 

1  294  800 
583  500 

1064  400 
603  800 

1  197  600 
823  200 
779  300 
732  800 

14 

15.5 

14 

26 

17 

39.5 

33 

35 

48.5 

90  000 

83  600 

Dipper-dredge,  No.  1 

Ladder-dredge,  No.  1 .            

41700 
40  900 

Dipper-dredge,  No.  2 

Dipper-dredge,  No.  8 

Dipper-dredge,  No.  4 

Dipper-dredee,  No.  5 

37  000 
30  300 
24  900 
22  300 
15  000 
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From  Table  1  it  will  be  seen  that  the  Warfield  did  nearly  two  and  one- 
quarter  times  as  much  work  as  the  nearest  dipper-dredge,  and  four  times 
as  much  as  the  poorest  dipper-dredge,  exclusive  of  the  small  dredges  the 
output  of  which  has  been  appended  with  an  average  of  15  000  eu.  yd. 
per  month.  The  Warfield  was  no  more  expensive  to  operate  than 
Dipper-dredge  No.  1,  as  the  latter  machine  was  very  costly  on  account 
of  repairs.  The  other  machines  were  at  least  two-thirds  as  expensive 
to  operate  as  the  Warfield,  although  their  output  was  very  much  less. 
In  one  month  the  thirteen  other  dredges  would  excavate,  on  the  aver- 
age, 302  000  cu.  yd.,  or  a  trifle  more  than  three  times  the  average  out- 
put of  the  Warfield.  In  this  respect  it  must  be  kept  in  mind  that  the 
hard  work  was  saved  entirely  for  the  Warfield  and  Herrich,  as  the 
other  dredges  were  incapable  of  handling  it. 

It  will  be  seen,  therefore,  that  had  specially  designed  dredges  been 
set  to  work  at  the  outset,  they  would  have  more  than  paid  for  them- 
selves during  the  construction  of  the  canal. 

As  an  interesting  comparison,  the  two  20-in.  hydraulic  dredges 
removed  2  558  300  cu.  yd.  in  26  months,  or  an  average  of  100  000  cu. 
yd.  per  month,  and  the  small  hydraulic  dredge  Federal  removed  613  800 
in  32  months,  or  an  average  of  19  200  cu.  yd.  per  month.  The 
excavators  removed  316  200  cu.  yd.  in  22^  months,  an  average  of 
14  000  cu.  yd.  per  machine  per  month ;  and  the  steam  shovels  removed 
2  077  600  cu.  yd.  in  89J  months,  an  average  of  23  200  cu.  yd.  per  shovel 
per  month,  and  these  were  small  shovels  served  by  narrow-gauge  equip- 
ment, put  in  as  an  experiment.  The  excavators  and  the  shovels  worked 
on  a  single  shift,  but  all  the  dredges  worked  continuously  on  double 
shift. 

Including  excavation  made  by  the  Metropolitan  and  Standard 
dredges  and  by  other  dredges  used  directly  by  the  Canal  Company,  the 
total  excavations  amounted  to  about  15  000  000  cu.  yd. 

Breakwater. — The  breakwater  at  the  east  end  was  necessary  to  pro- 
tect the  mouth  of  the  canal  from  littoral  drift  and  to  afford  protection 
to  vessels  entering  and  leaving  in  time  of  heavy  weather. 

The  principal  clauses  in  the  specifications  describing  it  are  as  fol- 
lows: 

The  shore  end  shall  extend  from  the  mean  high  water  mark  at  a 
uniform  height  of  10  ft.  above  the  beach  until  it  intersects  the  blufl 
or  dune.    The  beach  and  the  sides  of  the  dune  forming  the  surface  of 
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this  intersection  shall  be  rip-rapped  for  the  distance  and  to  the  extent 
as  directed  to  form  a  secure  revetment,  with  stones  weighing  at  least 
100  lb. 

The  stone  will  be  deposited  in  the  structure  so  as  to  construct 
a  breakwater  of  a  uniform  width  of  25  ft.  at  a  point  18  ft.  above  mean 
low  water. 

From  the  top  to  a  point  12  ft.  below  mean  low  water  the  seaward 
or  northeasterly  slope  shall  be  1  on  2,  and  thence  to  the  base  the  slope 
on  the  seaward  side  shall  be  1  on  1. 

The  harbor  or  southeasterly  side,  shall  be  constructed  throughout 
with  a  slope  of  1  on  1. 

The  mean  rise  and  fall  of  the  tide  is  about  10  ft. 

The  stone  must  weigh  at  least  160  lb.  per  cu.  ft.,  must  be  strong 
and  durable,  and  not  subject  to  disintegration  by  being  wholly  or 
partly  submerged  in  sea  water. 

Below  the  level  of  12  ft.  below  mean  low  water,  and  in  the  core,  that 
is  to  say,  not  nearer  than  10  ft.  from  the  outside  line  of  the  breakwater, 
the  stone  may  be  of  any  size  convenient,  provided  that  no  stone  shall 
be  of  less  weight  than  100  lb.,  and  that,  at  least  50%  of  the  stones  shall 
weigh  not  less  than  1  ton  each. 

Within  the  space  above  defined,  i.  e.,  the  core  below  12  ft.  below 
mean  low  water,  coarse  gravel  and  sand  shall  be  dumped  into  and  among 
the  stones  as  directed,  and  to  the  quantity  ordered  by  the  Engineer. 

Below  12  ft.  below  mean  low  water  and  on  the  faces  of  the  break- 
water, i.  e.,  the  outward  10  ft.  of  each  slope,  no  stone  shall  be  less  than 
600  lb.  in  weight  and  at  least  50%  shall  be  2  tons  or  more  each  in 
weight. 

Above  the  level  of  12  ft.  below  low  water  no  stones  shall  be  used 
that  weigh  less  than  3  tons  each,  except  that  where  directed  smaller 
stones  may  be  used  to  fill  in  openings  and  to  provide  firm  bearings  for 
the  larger  stones,  and  at  least  25%  must  weigh  6  tons  each.  ISTor  shall 
any  stone  be  used  in  this  position  of  which  the  least  dimension  is  less 
than  one-fourth  of  its  greatest. 

In  the  absence  of  scales  or  other  convenient  method  of  weighing 
separate  stones,  the  judgment  and  decision  of  the  Engineer  as  to  the 
weight  of  various  stones  and  as  to  the  proportions  of  stones  of  various 
weights  as  specified  in  the  above  paragraphs  shall  be  final  and  binding 
upon  the  Contractor. 

The  weight  of  stone  deposited  will  be  determined  by  water  displace- 
ment, and  in  order  to  determine  the  correct  displacements,  the 
Contractor  may  be  required  to  have  the  vessels  accurately  "weighed 
in"  and  distinctly  marked,  at  his  own  expense;  the  ''weighing 
in"  and  marking  to  be  done  under  supervision  of  the  Engineer.  In 
"weighing  in"  the  vessel  must  be  kept  in  the  same  fore  and  aft  trim 


38  THE  CAPE   COD   CANAL 

that  is  to  be  used  when  freighting  stone.  When  fore  and  aft  readings 
of  a  loaded  vessel  differ  by  more  than  10%  of  their  mean,  the  Con- 
tractor will  be  required  to  move  enough  stones  to  make  the  difference 
between  the  fore  and  aft  readings  less  than  10%  before  the  stone  will 
be  received. 

As  the  work  progressed  it  was  decided  by  the  Engineer  to  depart 
from  the  usually  accepted  standard  of  breakwater  construction,  as  illus- 
trated in  the  foregoing  extracts  from  the  specifications,  and  omit  any 
attempt  at  compact  hearting  by  using  only  such  small  stones  as  came 
normally  mixed  with  the  large  ones,  and  omitting  all  gravel  and  sand. 
The  result  is  a  breakwater  with  large  voids,  such  as  naturally  form 
between  large  irregular  blocks.  The  resulting  effect  seems  to  be  that 
any  vacuimi  following  a  receding  wave  is  impossible,  the  large  voids 
giving  free  movement  to  the  air.  Waves  on  striking  the  breakwater  are 
broken  partly  by  direct  shock  and  partly  by  dissipation  in  these  large 
voids.  No  stones  have  been  displaced  on  the  seaward  side  since  the 
final  setting,  except  at  the  extreme  outer  end,  as  will  be  referred  to 
presently;  and,  in  spite  of  the  large  voids,  sand  does  not  apparently 
travel  through  the  breakwater.  On  the  shore  end  the  beach  has  built 
itself  out  so  as  to  make  a  curve  between  the  face  of  the  breakwater  and 
the  shore  line,  which  are  at  right  angles  to  each  other.  Wliere  the  sand 
is  thus  built  up  it  is  10  ft.  higher  on  the  outside  than  on  the  inside  of 
the  breakwater,  which  at  that  point  has  a  thickness  of  62  ft.  The  sand, 
therefore,  seems  to  assume  a  slope  through  the  breakwater  of  about  1 
on  6. 

Fig.  4  shows  a  cross-section  of  the  breakwater  as  originally  planned. 
In  addition  to  the  change  in  specifications  describing  composition,  one 
change  was  made  in  the  profile  during  construction.  Although  the 
stones  were  stable  at  a  slope  of  1  on  1  on  the  inside  face,  the  contractors 
found  difficulty  in  placing  them  at  that  slope,  so  that  they  were  per- 
mitted to  flatten  it  from  low-water  level  up  by  narrowing  the  top  from 
25  ft.,  as  shown,  to  about  22  ft. 

The  total  length  of  the  breakwater  is  3  000  ft.,  carrying  the  outer 
end  to  where  the  water  is  35  ft.  deep  at  mean  low  water,  the  total  height 
of  the  breakwater  at  the  end  being,  therefore,  53  ft.  In  its  construction, 
326  456  tons  of  stone  were  used. 

Parallel  with  the  breakwater  and  800  ft.  from  it,  a  smaller  break- 
water has  been  built  on  the  south  side  of  the  channel.     This  smaller 
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structure,  1  000  ft.  long,  and  extending  to  a  depth  of  8  ft.,  is  intended 
to  check  any  littoral  drift  of  sand  from  south  to  north  being  deposited 
in  the  channel.  It  is  carried  up  so  as  to  be  exposed  at  high  water,  and 
contains  9  192  tons  of  stone. 

The  stone  in  the  main  breakwater  and  in  the  "sand  catcher"  was 
exclusively  granite  brought  across  Massachusetts  Bay,  first  from  quar- 
ries in  Maine  and  afterward  from  near  Cape  Ann.  It  was  shipped  in 
schooners,  and  on  arrival  at  the  canal  was  transferred  to  lighters  and 
thence  placed  by  floating  derricks.  Weight  was  computed  by  vessel 
displacement,  as  provided  in  the  specifications,  payment  being  made 
per  ton  of  2  000  lb.  in  place  in  the  breakwater. 

The  only  damage  that  the  breakwater  has  sustained  was  during  the 
high  gale  on  January  13th,  1915,  when  stones  above  mean  sea  level  at 
the  outer  end,  for  a  distance  of  about  200  ft.,  were  removed  by  the 
waves.  The  damage  began  at  the  end  and  then  continued  by  succes- 
sive cutting  back,  stones  being  knocked  off  separately  as  each  in  turn 
found  no  support  on  one  side.  The  damage  was  repaired  by  using  larger 
boulders  and  by  building  on  somewhat  flatter  slopes  at  the  end,  the 
previously  displaced  boulders  lying  on  the  flanks  giving  a  broad  base  on 
which  to  biiild. 

Rip-rap. — The  banks  of  the  canal,  consisting  of  sand  and  gravel, 
required  protection  against  wave  action,  which  protection  it  was  de- 
cided should  be  provided  by  loosely  deposited  material  rather  than  any 
form  of  paving.    Accordingly,  the  specifications  were  drawn  to  read : 

After  any  section  of  the  canal  has  been  constructed  to  its  finished 
prism  long  enough  for  all  slips,  slides,  and  settlements  to  have  taken 
place,  and  as  soon  as  the  banks  have  assumed  a  permanent  and  stable 
position  the  Engineer  may  order  the  construction  of  the  wash  walls 
or  revetment.  This  wall  will  be  constructed  within  the  limits  shown  in 
Drawing  ^o.  6  and  will  consist  of  a  rough  pavement,  diunped  into  place 
and  18  in.  thick,  of  one-man  stone. 

Small  inequalities  in  the  alignment  or  slope  of  the  bank  shall  be 
leveled  up  and  made  smooth  before  the  placing  of  the  wash  walls. 

In  actual  practice  the  stones  varied  in  weight  from  5  to  150  lb.  each. 

Fig.  3  shows  how  the  rip-rap  was  placed  with  respect  to  the  water 
surface  as  shown  on  Contract  Drawing  No.  6,  referred  to  in  the  speci- 
fications. In  general,  it  extended  from  a  point  about  6  ft.  above  mean 
high  water  to  6  ft.  below  mean  low  water,  which  gave  a  protected  sur- 
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face  42  ft.  wide,  measured  on -the  slope  at  the  east  end  of  the  canal, 
where  the  tidal  range  is  greatest. 

At  the  western  end  of  the  canal,  from  Station  360  to  the  north  of 
the  Monument  River,  rip-rap  has  been  omitted,  as  not  being  deemed 
necessary  because  the  estuary  of  the  river,  here  canalized,  gives  a 
wider  water  surface,  and  the  banks  are  protected  naturally  by  tough 
marsh  grass. 

The  rip-rap  is  of  granite.  That  used  in  the  easterly  half  came  from 
the  quarries  that  furnished  the  large  stones  for  the  breakwater;  some 
of  the  stone  at  the  westerly  end  came  from  the  quarries  on  Long 
Island  Sound,  but,  after  the  last  dam  was  cut  and  traffic  was  opened 
through  the  canal,  the  remainder  of  the  stone  came  from  Cape  Ann. 

About  one-half  of  the  cut  made  by  the  Foley  Company  was  rip- 
rapped  in  the  dry  by  that  company  with  broken  boulders  from  the 
excavation,  the  remainder  being  done  by  the  general  rip-rap  contractor 
after  water  was  admitted. 

The  stone  which  was  brought  to  the  work  came  in  schooners  and 
was  transferred  to  lighters.  It  was  dumped  on  the  banks  from  scale 
boxes  holding  about  2  tons  each,  and  was  spread  by  hand  at  low  water, 
though  the  derrick  men  soon  became  sufficiently  expert  to  do  consider- 
able of  the  spreading  by  sweeping  the  scale  boxes  up  the  back. 

The  quantity  of  rip-rap  placed  was  144  397  tons. 

It  was  expected  that,  when  the  operation  of  the  canal  began,  the 
effect  of  waves  from  passing  vessels  might  scour  the  banks  below  the 
rip-rap  so  as  to  cause  the  latter  to  slide  down,  and  require  additional 
material  to  be  added  to  the  top.  This  possibility  of  easy  repair  is  one 
of  the  great  merits  of  loosely  placed  rip-rap,  which  quality  also  tends 
to  localize  damage  if  it  settles  at  any  point,  the  loose  stones  quickly 
finding  a  new  bed.  Rigid  pavement,  on  the  other  hand,  may  resist 
falling  until  much  sand  has  been  displaced  behind  it,  and  then  collapse 
over  a  large  area.  Other  advantages  are  low  first  cost,  rapidity  of  execu- 
tion, and  rough  surface  to  check  wave  action  and  tidal  current. 

After  30  months  of  operation  only  very  trifling  repairs  have  been 
made.  This  permanent  condition  of  the  rip-rap  is  due  partly  to  the 
naturally  hard  condition  of  the  material  composing  the  banks  and 
partly  to  the  depth  to  which  the  rip-rap  has  been  carried,  apparently 
below  serious  wave  action. 
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Work  on  the  breakwater  was  begun  in  June,  1909,  and  was  finished 
in  December,  1913,  in  35  months  of  actual  working  time.  It  could  have 
been  completed  earlier  had  there  been  necessity.  Progress  in  placing 
rip-rap  was  naturally  governed  by  canal  excavation,  but  was  at  the 
maximum  in  1914,  when  8  400  tons  were  placed  in  1  month. 

Railway  Reconstruction. — The  Old  Colony  Railroad  Company,  now 
leased  to  the  New  York,  New  Haven  and  Hartford  Railroad  Com- 
pany, owned  the  line  from  Boston  to  the  Cape.  It  was  a  double-track 
line  from  Boston  to  the  station  known  as  Buzzards  Bay,  where  it 
forked  into  two  single-track  lines,  one  crossing  the  Monument  River 
at  Buzzards  Bay  and  running  to  Woods  Hole,  the  other  turning  east 
and  running  up  the  valley  of  the  river  and  thence  along  the  hook  of 
the  cape  to  Provincetown.  The  latter  line  not  only  occupied  a  por- 
tion of  the  lands  required  for  the  canal  location,  but  actually  crossed 
the  canal  line  three  times. 

The  Canal  Company's  charter  contemplated  the  taking  of  the  Rail- 
road Company's  right  of  way,  under  proper  safeguards  to  the  latter's 
operation.  Conferences  with  the  engineers  of  the  New  Haven  and  the 
Old  Colony  Railroad  Companies — for  the  latter  still  maintains  its  full 
corporate  existence — resulted  in  an  agreement : 

To  relocate  both  branches  from  Buzzards  Bay  station,  and,  though 

leaving  the  actual  physical  junction  at  the  station,  to  make  a 

single  crossing  of  the  canal  for  both  lines,  with  the  point  of 

divergence  on  the  south  bank; 

To  relocate  a  short  piece  of  the  Woods  Hole  line  from  the  point  of 

divergence  to  connect  with  the  existing  line; 
To  relocate  the  Provincetown  line  along  and  near  the  south  side 
of  the  canal  right  of  way  until  it  intersected  the  old  line  east 
of  Bourne,  and  again  to  relocate  a  piece  at  Bournedale,  where 
the  railroad,  in  order  to  avoid  heavy  cutting,  crossed  and  re- 
crossed  the  canal  location. 

Previous  to  these  changes,  the  junction  of  the  lines  was  at  the 
north  end  of  the  Buzzards  Bay  station,  but  after  the  relocation  was 
completed  the  junction  point  was  at  the  south  end  of  the  station,  and 
this  change  required  a  complete  reconstruction  of  the  Buzzards  Bay 
yard.  The  old  junction  and  yard  switches,  with  their  signals,  were  con- 
trolled by  lever  operation,  a  system  that  could  not  be  altered  to  in- 
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elude  a  draw-bridge  with  its  home  and  distant  signals  on  the  far  side 
of  a  waterway  all  interlocked  and  controlled  from  a  central  tower. 
The  mechanical  system,  therefore,  was  abandoned  and  a  new  electro- 
pneumatic  plant  put  in.  All  told,  there  were  6.3  miles  of  single  main 
track  and  1.2  miles  of  side  track  newly  constructed.  The  quantity  of 
track  work  was  not  large,  but  the  expense  was  proportionately  high,  as 
the  yard,  signals,  water  supply,  and  bridges  brought  the  total  cost  to 
$379  274.05,  in  addition  to  which  the  Eailroad  Company  bore  the  ex- 
pense of  a  new  station  building  and  certain  extensions  of  the  signal 
system  that  were  not  deemed  to  be  called  for  by  the  presence  of  the 
canal.  The  only  item  in  the  railroad  construction  that  is  of  interest  is 
the  drawbridge,  which,  with  the  highway  bridges,  is  described  in  detail. 
The  contract  for  railroad  work  was  taken  by  the  Degnon  Contracting 
Company  and  sublet  to  the  Wilson  and  English  Construction  Company. 

Highways. — The  highways  proved  an  annoying  detail  to  adjust. 
Those  existing  before  the  canal  construction  began  were  wholly  in- 
compatible with  the  operation  of  a  ship  waterway,  there  being  no  less 
than  seven  crossings  of  the  location,  and  if  any  of  these  crossings  were 
abandoned,  certain  pieces  of  property  would  be  left  without  access. 
After  many  local  public  hearings,  and  discussions  with  the  County 
Commissioners  and  Selectmen  of  the  towns,  it  was  finally  decided 
to  construct  highways  on  both  sides  of  the  canal,  so  as  to  provide 
continuous  east  and  west  facilities,  and  to  restrict  the  actual  crossings 
to  three,  at  the  Villages  of  Bourne,  Bournedale,  and  Sagamore.  The 
decision  as  to  whether  these  crossings  were  to  be  by  bridge,  ferry, 
or  tunnel  was  by  the  charter  left  to  the  Joint  Board,  who  ordered 
bridges  at  Bourne  and  Sagamore,  and  a  ferry  for  passengers  only  at 
Bournedale.  These  bridges  will  be  considered  in  connection  with  the 
railroad  bridge. 

New  highways,  4.4  miles  in  length,  including  the  portions  occupied 
by  bridges,  were  constructed,  and  O.G  mile  was  resurfaced,  all  of  which 
the  local  authorities  insisted  should  be  built  to  a  standard  never 
before  observed  in  that  part  of  Massachusetts,  involving  heavy  earth 
cuttings  and  embankments. 

Fig.  5  shows  the  railroad  and  highways  as  they  existed  before  and 
after  relocation,  with  the  points  of  crossing. 
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Bridges. — There  are  three  bridges  across  the  canal.  The  charter 
required  the  canal  to  have  a  prism  with  a  bottom  width  of  100 
ft.,  but  the  directors  realized  that  it  would  be  only  a  question  of 
a  short  time  when  a  wider  canal  would  be  required — one  sufficiently 
broad  to  permit  tows  to  pass  in  opposite  directions,  and  a  deeper 
canal  to  accommodate  battleships  or  vessels  drawing  more  than  25  ft. 
Although  the  canal  can  be  deepened  or  widened  at  any  time,  bridges 
are  rigid  obstructions  that  can  be  altered  only  by  complete  recon- 
struction. The  directors,  therefore,  decided  to  build  in  the  first 
instance  bridges  larger  than  were  demanded  to  meet  the  require- 
ments of  the  charter,  and  large  enough  to  fit  a  canal  of  such  increased 
dimensions  as  could  be  reasonably  foreseen  as  probably  necessary. 
After  considering  various  designs  and  estimates,  channel  draw-spans 
of  160  ft.  in  length,  from  center  to  center  of  piers,  were  adopted,  with 
foundations  to  a  depth  permitting  the  canal  to  be  made  more  than 
30  ft.  deep. 
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RAILROAD  AND  HIGHWAY  RELOCATION 
Fig.   5. 

Swing  bridges  were  out  of  the  question,  as  central  piers  would 
completely  block  a  straight  channel.  For  the  railroad  bridge,  after 
conferences  with  the  engineers  of  the  New  Haven  Railroad  Com- 
pany, the  Strauss  type  of  trunnion  bascule  bridge  was  selected,  to  be 
built  to  meet  the  New  York,  New  Haven  and  Hartford  Railroad 
bridge  specifications  of  1908,  which  contemplate  two  engines  of  con- 
solidation type  with  60  000  lb.  per  driving  axle,  30  000  lb.  leading  axle, 
and  39  000  lb.  per  tender  axle,  or  65  000  lb.  per  axle  on  two  axles  7 
ft.  apart  for  details.  The  general  elevations  and  cross-section  are 
shown  on  Fig.  6. 
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Special  specifications  to  cover  the  design  of  a  bascule  bridge  of 
this  type,  and  not  contemplated  by  the  railroad  specifications,  were 
added,  of  the  important  clauses  of  which  the  following  is  a  suxnmary : 

Impact  of  motion:  33  J  %  of  dead-load  stress  in  structural  steel 
members  during  the  motion  of  bridge  to  be  added. 

Operating  machinery:  This  designed  to  withstand  a  wind  pres- 
sure of  20  lb.  per  sq.  ft.  of  the  moving  leaf,  and  the  motors 
strong  enough  to  open  or  close  the  bridge  through  the  full 
angle  of  the  opening  in  li  min.  against  a  wind  pressure  of 
5  lb.  per  sq.  ft.,  or  in  2  min.  against  a  wind  pressure  of  15 
lb.  per  sq.  ft. 

Machinery  unit  stresses: 

Trunnions  and  pins 15  000  lb.  per  sq.  in. 

Slow-speed   shafting 16  000    "     " 

High-speed  shafting 12  500    "      " 

Slow-speed  gears 17  500    "      " 

Medium-speed  gears 9  000    "     '■ 

High-speed  gears 9  000    "      " 

Bearing  in  journals  during  motion: 

Trunnions    1  TOO    "      " 

Slow-speed   shafting 500    "      " 

High-speed  shafting 500    "      " 

Motors :  The  main  operating  motors  are  two  65-h.p.  direct-current 
motors,  capable  of  carrying  an  overload  of  50%  for  10  min. 
and  100%  for  5  min. 

For  the  substructure  of  the  Buzzards  Bay  Bridge  the  Chief  Engi- 
neer of  the  ISTew  Haven  Railroad  Company  requested  that  concrete 
should  not  be  exposed  to  the  action  of  salt  water,  especially  between 
high  and  low  water,  on  account  of  the  generally  unsatisfactory 
experience  with  this  material  in  Boston  Harbor  and  vicinity,  and 
that  the  piers  should  be  lined  on  the  outside  with  durable  stone. 

Fig.  7  shows  the  main  details  of  the  three  piers.  There  were  no 
masonry  abutments,  as  the  connection  from  the  draw-span  to  the 
shore  was  made  by  wooden  pile  trestles  of  the  New  Haven  Railroad 
standard.  The  piers  were  niunbered  in  order  from  the  north  end : 
1,  2,  and  3,  the  canal  flowing  between  Piers  2  and  3.  The  maximum 
load  falls  on  Pier  1,  due  to  the  counterweight.  Piers  2  and  3  divide 
the  live  load,  but  the  former  supports  a  greater  portion  of  the  weight 
of  the  truss.  The  weights  carried  by  the  three  piers,  therefore,  vary 
greatly. 
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On  account  of  the  large  area  needed  for  the  bases  of  the  piers, 
especially  of  Pier  1,  it  was  decided  to  excavate  by  dredges  to  the 
necessary  depth  and  place  an  open  caisson  on  piles. 

The  specifications  required,  in  general: 

That  the  facing  should  be  of  granite  in  18  to  20-in,  courses,  to 
the  under  side  of  the  coping,  which  was  to  be  of  concrete. 

The  piles  were  to  carry  not  exceeding  24  tons  each,  with  a  mini- 
mum diameter  of  8  in.  at  the  tip  and  12  in.  at  one-third  the 
distance  from  the  butt. 

The  concrete  in  the  foundations  or  hearting  was  to  be  mixed  in 
the  proportion  of  1  part  cement,  2^  parts  sand,  and  5  parts 
broken  stone  or  gravel,  in  which  boulders  might  be  embedded. 
In  the  concrete  in  the  coping  course  the  proportions  were 
1:  2:  4. 

The  cement  was  to  be  of  an  accepted  brand,  and  to  give  the  fol- 
lowing tensile  strengths : 

Tensile  Strength,  in  Pounds  per  Square  Inch. 

Mixture.  24  hours.  7  days.  28  days. 

1:0  175  500  575 

1:2  —  225  300 

1:3  —  175  225 

A  minimum  increase  of  12%  from  7  to  28  days  was  required  for 
neat  briquettes,  and  20%  for  sand  briquettes  mixed  1 :  2. 

The  maximum  content  of  anhydrous  sulphuric  acid  (SO.,)  was 
1.75%,  and  of  magnesia  (MgO)  3%,  and  no  addition  greater 
than  3%  to  the  ingredients  making  up  the  cement  subse- 
quent to  calcination  was  permitted. 

The  contract  was  taken  by  the  Holbrook,  Cabot  and  Rollins  Cor- 
poration, of  Boston,  and  work  was  begun  on  November  9th,  1909. 

A  clam-shell  dredge  was  brought  through  the  old  railroad  trestle, 
and  dug  the  three  pits,  so  that  the  piles  could  be  driven.  Although  a 
jet  and  hammer  were  used  in  combination,  no  greater  penetration 
than  an  average  of  19  ft.  could  be  made  with  the  piles  for  Pier  1,  and 
15  ft.  for  Piers  2  and  3,  on  account  of  the  very  dense  sand  and  gravel. 
The  specifications  called  for  20  ft.,  and,  to  make  up  for  the  deficiency, 
twenty-two  extra  piles  were  driven  under  Pier  2.  The  details  are 
clearly  shown  on  Fig.  7. 

The  elementary  features  of  the  superstructure,  which  is  a  Strauss 
bascule,  are  fixed  trunnions  and  parallel  link  motion  of  the  counter- 
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weight.  Equilibrium  is  maintained  by  four  pins  forming  the  corners 
of  a  parallelogram  arranged  so  as  to  make  the  angular  movement  of 
the  counterweight  frame  equal  to  the  angular  movement  of  the  mov- 
able span.  The  reactions  of  the  main  trunnion  pier  and  the  counter- 
weight trunnion  pier  are  both  always  vertical,  as  the  horizontal  com- 
ponents neutralize  each  other  in  any  position  of  the  bridge. 

The  structural  parts  of  the  bridge  consist  of:  The  movable 
single-arm  channel  span,  A  (Fig.  8),  the  counterweight  frame,  B, 
rigidly  connected  to  the  concrete  counterweight,  0 ,  the  connecting 
link,  D,  the  operating  strut,  ^,  and  the  tower,  F ,  supporting  the 
counterweight. 

The  mechanical  parts  consist  of  the  operating  machinery,  the  main 
trunnions,  the  counterweight  trunnions,  the  link  pins,  and  the  aux- 
iliary apparatus. 


Fig.  8. 

The  movable  channel  span  consists  of  two  Warren  trusses  rigidly 
framed  together  by  the  floor  system  carrying  a  double-track  railroad. 
The  length  of  span  is  160  ft.  from  center  to  center  of  piers,  the 
trusses  being  29.6  ft.  from  center  to  center.  The  elevation  of  the 
base  of  rail  is  12  ft.  above  mean  sea  level,  and  the  clearance  line  for 
the  trains  is  22  ft.  above  the  base  of  rail. 

The  counterweight  frame  is  proportioned  so  as  to  keep  the  movable 
span  and  the  counterweight  in  equilibrium  in  any  position  of  the 
bridge.  The  frame  consists  of  two  trusses,  between  which  the  con- 
crete counterweight  is  placed.  The  resultant  load  of  the  counter- 
weight and  the  link  stress  is  taken  by  two  trunnions,  each  supported 
by  two  bearings  at  the  apex  of  the  tower.  Special  collars  riveted 
to  the  frame  are  bored  with  a  driving  fit,  and  the  trusses  are  fastened 
to  the  trunnion  with  tapered  keys.  The  counterweight  is  attached 
to  the  rear  arm  of  the  truss,  and  rigidity  is  attained  by  extending 
the    structural    framing    into    the   concrete.      Besides    the    weight    of 
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the  concrete,  pockets  are  provided  for  shaped  iron  castings,  which 
allow  for  close  adjustment  in  balancing  the  bridge.  The  link  strut 
consists  of  two  posts,  pin-connected  at  the  top  to  the  front  arm  of 
the  counterweight  frame,  and  at  the  bottom  to  the  hip  of  the  movable 
span.  Lateral  stiffness  is  secured  by  diagonal  and  horizontal  bracing. 
The  link,  at  any  angle  of  the  movable  leaf,  is  always  parallel  to  a 
line  which  travels  through  the  center  of  the  main  and  counter- 
weight trunnion. 

The  operating  striits  to  which  the  main  rack  is  attached  are 
pin-connected  at  one  end  to  the  tower,  and  at  the  other  are  engaged 
to  the  main  operating  pinion.  A  special  yoke,  mounted  on  each  side 
of  the  main  pinion,  serves  as  a  guide  for  the  strut  during  operation. 

The  tower  supporting  the  counterweight  consists  of  two  main 
columns,  a  diagonal  strut  between  the  two  trunnions  and  a  hori- 
zontal strut  at  the  base.  Inclined  posts  are  supported  at  the  base 
on  a  transverse  steel  truss  embedded  in  the  masonry,  giving,  in  addi- 
tion to  portal  bracing  at  the  top,  great  lateral  stiffness. 

The  wind  pressure  against  the  floor  system  of  the  raised  bridge  is 
carried  to  the  main  trunnions.  By  the  horizontal  strut  at  the  base 
of  the  tower,  together  with  the  floor  system,  the  reaction  is  divided 
between  the  two  piers.  The  safety  against  overturning  is  thus  in- 
creased, and  the  corresponding  eccentric  loading  on  the  foundations 
is  materially  reduced.  All  trunnions  and  link  iiins  are  of  forged 
steel.  The  bearings  and  caps  are  of  cast  steel  and  lined  with  phosphor- 
bronze  bushings.  Helical  oil  grooves  are  cut  in  the  caps  and  bearings 
for  the  proper  distribution  of  the  lubricants. 

The  motive  power  for  operating  the  bridge  is  electricity.  Two  65- 
li.p.  electric  motors  operate  under  a  550-volt  direct  current.  The 
pov.'er  is  transmitted  to  the  main  operating  pinion  by  a  train  of  gears. 
In  addition  to  the  electric  brake  on  the  motor,  there  is  also  a  motor- 
driven  emergency  brake.  Special  equalizing  gears  regulate  the  uni- 
formity of  speed  between  the  duplicate  system  of  operating  machinery. 
The  motors  and  gearing  are  on  the  movable  span,  and  are  protected 
by  special  housing.  A  separate  motor  with  the  necessarv  mechanical 
connections  operates  the  locking  device. 

All  machinery  and  auxiliary  apparatus  are  operated  by  controllers, 
switches,  switch-boards,  indicators,  and  instruments  conveniently 
placed  in  the  operator's  house.     From  this  point  the  operator  has  per- 
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feet  control  of  all  traffic  passing  through  the  canal  and  over  the 
bridge.  The  control  of  the  bridge  is  interlocked  with  the  main  tower 
controlling  all  signals  and  switches  in  the  Buzzards  Bay  yard,  al- 
though arranged  so  that  the  tower  operator  can  free  the  bridge  for 
independent  operation. 

The  highway  bridges  at  Bourne  and  Sagamore  are  of  the  double 
bascule  type,  of  the  same  dimensions  and  almost  identical  design.  It 
will  be  convenient,  therefore,  to  treat  the  substructures  and  superstruc- 
tures of  these  bridges  together. 

The  substructure  for  the  highway  bridge  at  Bourne  was  designed 
on  quite  different  lines  from  that  of  the  railroad  bridge  at  Buzzards 
Bay,  a  design  that  was  followed  with  few  changes  in  details  for  the 
highway  bridge  at  Sagamore.  On  account  of  the  great  lightness  of 
the  highway  bridge,  there  was  no  need  for  such  a  massive  substructure 
as  was  built  at  Buzzards  Bay,  and  any  attempt  to  give  an  exterior  pro- 
tective surface  of  cut  stone  would  have  been  very  expensive.  The 
writer  is  one  of  those  who  believe  that  damage  to  concrete  by  the  action 
of  salt  water  is  both  chemical  and  mechanical,  and  that  the  destruction 
can  be  greatly  retarded,  if  not  actually  prevented,  if  the  concrete  is 
allowed  not  only  to  set,  but  to  become  quiescent  chemically,  before 
exposure  to  the  rise  and  fall  of  the  tides. 

The  most  economical  type  of  substructure  was  an  isolated  support 
beneath  each  point  of  load,  varying  in  diameter  according  to  the  load 
intensity.  Such  a  type  was  selected,  and  in  order  to  keep  the  surface 
of  the  exposed  piers  from  tidal  exposure  mitil  internal  changes  had 
ceased,  the  specifications  required  that  the  forms  for  the  concrete  should 
be  of  surfaced  lumber  and  left  in  place.  As  the  teredo  is  very  active, 
creosoted  lumber  was  called  for.  The  intention  was  to  let  the  pro- 
tective wood  remain  until  it  was  destroyed  by  natural  agencies,  or  for 
at  least  a  year,  and  then  to  take  it  down.  As  a  matter  of  fact,  it  is  still 
in  place  and  in  good  condition,  both  at  Bourne  and  Sagamore.  The 
lumber  being  matched  and  not  vmsightly,  it  is  not  necessary  for  appear- 
ance to  remove  it.  The  concrete  is  now  more  than  5  years  old,  and, 
as  shown  by  recent  borings  through  the  lumber,  is  in  perfect  condition. 
The  writer  believes  that,  if  the  lumber  should  be  removed,  no  injurious 
effect  would  now  result  from  the  action  of  salt  water  during  either  the 
summer  or  winter. 
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The  specifications  were  similar  to  those  for  the  foundations  of  the 
Buzzards  Bay  Bridge,  except  that  no  piles  were  contemplated,  and  pres- 
sure on  the  sand  was  limited  to  3  tons  per  sq.  ft.  The  requirements  for 
cement  and  concrete  were  the  same,  a  mixture  of  the  latter  in  the  pro- 
portion of  1:2:4  being  used  in  the  upper  2  ft.  of  the  main  and  sec- 
ondary piers. 

Fig.  9  shows  the  general  elevation  of  the  Bourne  highway  bridge 
and  details  of  the  substructure.  The  main  piers,  Nos.  4  and  5,  and  the 
secondary  piers  at  the  ends  of  the 
approach  girders,  are  square  in  sec- 
tion, 15  ft.  1  in.  and  8  ft.  lOi  in. 
on  bases,  respectively,  and  10  ft. 
7  in.  and  5  ft.  4  in.  on  the  shafts 
to  Elevation  96,  and  above  that 
elevation,  circular.  In  order  to 
stiffen  these  piers  laterally,  rein- 
forced concrete  girders  were  de- 
signed for  all  piers,  these  girders 
being  12  ft.  deep  and  2  ft.  6  in. 
wide  in  the  case  of  the  main  piers, 
and  8  ft.  deep  and  2  ft.  wide  for 
the  secondary  piers. 

All  the  caissons  for  these  eight 
piers  were  sunk  by  compressed  air 
and  then  filled  with  concrete,  the 
material  through  which  they  passed 
being  for  the  most  part  fine  sand. 
Pier  4  (the  westerly  one),  just 
before  reaching  grade,  was  badly 
deflected  by  striking  a  boulder. 
One   of   the   cutting   sides    of   the  f^°-  ^O- 

caisson  was  cut  away,  and,  under  cover  of  poling  boards,  the 
sand  was  excavated  unsymmetrically,  as  shown  in  Fig.  10,  so 
as  to  bring  the  axis  of  pressure  well  within  the  middle  third  of  the 
base,  the  increased  area  of  base  reducing  the  pressure  at  the  outer 
edge  to  proper  limits.  Above  Elevation  96  the  pier  was  carried  straight 
up.     The  heavy  reinforced  girder  connecting  the  tops  of  the  two  main 
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piers  affords  sufficient  rigidity  to  overcome  the  objection  to  the 
inclination. 

The  work  was  executed  by  the  Holbrook,  Cabot  and  Rollins  Cor- 
poration, the  layout  of  the  erecting  plant  being  shown  by  Fig.  11. 
Access  to  both  sides  of  the  river,  the  canal  not  being  dredged  at  the 
time,  was  had  by  a  temporary  trestle,  carrying  a  traveler  and  also  a 
concrete  car.  A  second  traveler  on  the  ground  covered  the  piers  at  the 
north  end. 

For  the  Sagamore  Bridge  the  contract  for  the  substructure  was 
taken  by  the  Degnon  Cape  Cod  Canal  Construction  Company  and 
sublet  to  the  Dravo  Contracting  Company  of  Pittsburgh,  under  date 
of  April  1st,  1912. 

The  general  plan  called  for  2  abutments  and  26  piers: 

Two  pairs  of  main  piers. 

Two  pairs  of  piers  supporting  approach  girders. 

Nine  pairs  of  small  piers  on  land, 

Two  abutments. 

The  specifications  were  substantially  the  same  as  those  for  the 
Bourne  Bridge,  except  that  piles  beneath  some  of  the  piers  were 
contemplated. 

The  foundations,  where  on  sand  or  gravel,  were  to  carry  a  load 

of  not  more  than  3  tons  per  sq.  ft.,  and,  where  on  piles,  a  load  not 

exceeding  20  tons  per  pile,  as  determined  by  the  Engineering  News 

.         ,     2  Wh 
lormula, . 

s  +  l 

The  forms  on  the  main  piers  were  to  be  left  in  place,  as  with  the 
Bourne  Bridge,  but  the  creosoting  of  the  lumber  was  omitted,  long- 
leaf  pine,  dressed  to  2|  in.,  being  called  for.  At  the  end  of  3  years 
the  forms  are  still  in  place,  and  the  concrete,  as  at  Bourne,  is  in 
perfect  condition. 

For  the  caissons  for  the  pair  of  main  piers,  No.  10,  the  contractor 
designed  a  steel  shell  of  j-in.  plates,  with  the  lower  part  IG  ft.  6  in. 
in  diameter  for  a  height  of  10  ft.,  then  reducing  through  a  height 
of  4  ft.  to  a  diameter  of  12  ft.  5J  in.  for  a  height  of  36  ft.,  and  there 
the  wooden  form  began  with  an  internal  diameter  of  10  ft.  The 
shell  weighed  aboiit  16  tons,  and  was  sunk  by  removing  the  material 
from  the  inside  with   an  orange-peel  bucket.     At  Elevation   56.5   the 
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bottom  was  sealed  by  divers  with  concrete  in  bags  to  a  height  of  5  ft. 
Then  12  ft.  of  concrete  were  deposited  under  water  in  buckets,  and 
after  this  had  set  the  water  in  the  shell  was  pumped  out  and  the 
remaining  concrete  was  placed  in  the  dry. 

Main  piers  No.  9  were  sunk  by  the  pneumatic  process.  The  steel 
shell  at  the  bottom  was  splayed  at  the  foot  to  a  diameter  of  12  ft.  6  in., 
and  lined  with  concrete,  as  shown  in  Fig.  12.  The  cutting  edge  was 
carried  down  to  a  gravel  bed  at  Elevation  55,  but  concrete  was 
carried  down  0.4  ft.  lower.  ^Finished  Top  E1.118.73 

For  Piers  Nos.  8  and  11,  supporting  1  1 

the  ends  of  the  90-ft.  approach  girders, 
steel  shells,  6  ft.  6  in.  in  diameter,  were 
sunk  by  removing  the  material  within 
the  shells  with  an  orange-peel  bucket. 
In  Piers  No.  8  six  25-ft.  piles  were 
driven,  reaching  below  Elevation  72,  with 
concrete  beginning  at  Elevation  92. 
The  similar  piers  on  the  other  side  of  the 
canal  were  put  down  in  the  same  man- 
ner, except  that  concreting  began  at  Ele- 
vation 91. 

The  abutments  were  founded  directly 
on  hard  sand,  but  the  concrete  in  the 
small  pedestals,  1,  2,  3,  and  4,  rested  on 
piles  cut  off  below  ground-water  level,  as 
requested  by  the  owners  of  the  car  man- 
ufacturing plant  on  whose  property  they 
were  placed,  as  they  were  fearful  of 
damage  arising  from  the  known  pres- 
ence of  quicksand. 

The  main  piers,  Nos.  9  and  10,  and 
secondary  piers,  Nos.  8  and  11,  are  con- 
nected by  reinforced  concrete  girders,  as  at  Bourne. 

The  Sagamore  Highway  Bridge  crosses  the  waterway  about  2  miles 
west  of  the  easterly  entrance  to  the  canal,  and,  as  a  structure,  is  di- 
vided into  three  sections :  the  main  channel  span,  the  north,  and  the 
south  approach. 


E1.B4.6 


Fig.   12. 
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The  elevation  of  the  roadway  above  mean  sea  level  is  41  ft.,  so  as 
to  give  clearance  for  medium-sized  vessels  without  opening  the  bridge, 
while  also  providing  clearance  for  the  New  York,  New  Haven  and 
Hartford  Railroad  passing  under  it  at  the  south  end  of  the  steel  struc- 
ture approach.  Part  of  the  south  approach  on  earth  fill  and  of  the 
north  approach  in  steel  has  a  5%  gradient. 

The  main-channel  span  is  divided  into  three  parts :  the  movable 
section,  and  the  two  stationary  approach  trusses.  The  width  of  the 
bridge  between  railings  is  30  ft.,  divided  into  a  25-ft.  roadway  and  a 
5 -ft.  sidewalk.  A  single-track  electric  railway  is  also  carried  across, 
with  the  necessary  overhead  construction. 

The  movable  section  consists  of  a  Scherzer,  double-leaf,  rolling- 
lift  bridge,  of  160  ft.  span.  The  characteristic  features  of  this  bridge 
are  two  80-ft.  cantilever  spans,  the  rear  end  of  each  truss  being  ex- 
tended into  a  segmental  girder  which  rolls  on  a  track  girder  of  special 
heavy  construction. 

To  keep  the  movable  part  in  balance,  a  concrete  counterweight  is 
rigidly  attached  to  and  framed  in  between  the  two  lines  of  trusses, 
forming  the  main  supporting  members  of  the  rolling-lift  span.  The 
track  girders  are  incorporated  in  the  framework  of  the  approach 
trusses,  one  end  resting  directly  on  the  main  pier,  the  other  being 
framed  into  a  carrying  girder  placed  at  the  near  end  panel  point  of 
the  approach  trusses.  The  entire  dead  load  of  the  movable  span  is 
transferred  to  the  contact  surface  between  the  curved  segmental 
girder  and  the  cast-steel  plate  of  the  track  girder.  Special  lugs  on 
the  track  girders,  which  fit  into  corresponding  recesses  in  the  curved 
section,  insure  perfect  travel  of  the  bridge  in  the  vertical  plane.  As 
the  bridge  opens  it  rolls  backward  on  the  track  girder,  leaving  a  clear 
channel  for  passing  vessels. 

The  trusses  of  the  movable  leaf  are  designed  with  a  straight  top 
chord;  the  bottom  chord  is  slightly  curved  from  the  point  of  support 
toward  the  end  of  the  cantilever.  The  three  end  panels  are  built  up 
with  a  solid  web;  the  three  panels  next  to  the  support  are  of  open- 
web  construction  with  vertical  and  diagonal  built-up  sections.  The 
floor  system  and  the  top  laterals,  together  with  horizontal  struts 
placed  between  the  trusses,  provide  against  lateral  distortion  of  the 
bridge  in  any  position. 
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The  approach  trusses,  each  of  90-ft.  span,  are  of  the  Warren  type 
with  stiff  riveted  web  members.  The  trusses  are  spaced  so  as  to  pro- 
vide proper  clearance  for  the  receding  counterweight  as  the  bridge 
opens.  Any  danger  of  damage  resulting  from  the  upward  reacting 
force  at  the  rear  end  of  the  lift  span,  due  to  unbalanced  live  load  or 
impact  in  closing,  is  guarded  against  by  a  bumping  girder  placed  on 
the  top  chord  of  the  approach  span.  The  ends  of  each  movable  leaf 
are  provided  with  a  shear  lock  designed  with  male  and  female  parts, 
which  in  a  closed  position  are  interlocked,  so  as  to  insure  proper  align- 
ment and  additional  lateral  stiffness. 

The  north  and  south  approach  spans  are  in  lengths  of  38,  50,  and 
75  ft.  The  approach  spans  are  of  conventional  design,  with  the  two 
main  girders  seated  on  top  of  the  columns,  laterally  connected  by 
horizontal  struts  and  diagonal  bracing.  The  floor-beams  throughout 
the  entire  length  of  the  bridge  are  about  13  ft.  apart,  and  are  framed 
into  the  web  of  the  main  trusses  or  girders.  On  the  channel  approach 
trusses,  they  rest  on  the  top  chord.  The  roadway  stringers  consist  of 
9-in.  I-beams  about  2  ft.  6  in.  from  center  to  center,  except  for  the 
support  of  the  railway  track,  where  10-in.  I-beams  are  placed  in 
pairs  under  each  rail.  Bolted  to  the  top  flange  of  each  stringer  are 
nailing  strips,  to  Avhicli  is  fastened  the  4-in.  oak  plank  decking,  being 
laid  with  |-in.  joints  and  sufiiciently  crowned  to  provide  for  quick 
run-off  of  rain  water.  The  sidewalk  brackets  are  in  line  with  the 
floor-beams,  and  carry  wooden  stringers  to  which  the  2-in.  plank  floor- 
ing is  fastened.  On  the  lift  span  there  are  special  fastenings  to 
guard  against  possible  movement  of  the  floor  system  when  the  bridge 
is  being  raised.  The  hand-railing  is  of  2-in.  gas  pipe  posts,  from  6  to 
7  ft.  apart,  and  joined  by  two  lines  of  li-in.  pipes  at  the  top  and 
near  the  base  of  the  posts,  the  panel  between  the  two  lines  of  pipe 
consisting  of  a  grillwork  of  light  angles  and  bars. 

The  motive  power  for  operating  the  bridge  is  electricity,  fur- 
nished at  550  volts,  each  movable  leaf  being  operated  by  a  25-h.p. 
direct-current  motor.  The  power  transmission  from  the  motor  to 
the  main  operating  pinion  is  arranged  by  gear  trains  and  counter- 
shafts mounted  on  the  movable  span.  The  horizontal  rack  which 
engages  the  main  pinion  is  attached  to  the  approach  trusses  with  the 
pitch  line  parallel  to  the  horizontal  top  flange  of  the  track  girder. 
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There  are  safety  gates  on  the  approach  trusses  directly  in  front  of 
the  break  in  the  floor  system;  they  are  opened  and  closed  from  the 
operator's  house.  From  this  point  the  bridge  tender  has  under  his 
control  all  the  electrical  apparatus  for  the  operation  of  the  machinery, 
signals,  lights,  and  auxiliary  mechanical  devices  for  the  protection 
of  the  structure  itself,  as  well  as  the  regulation  of  traffic  over  the 
bridge  and  through  the  canal. 

The  Bourne  Highway  Bridge,  which  crosses  the  canal  about 
li  miles  east  of  the  westerly  entrance,  is  designed  along  the  same 
lines  as  the  Sagamore  Bridge,  the  only  difference  between  the  two 
structures  being  the  length  of  the  approaches  and  the  width  of  the 
roadway,  the  latter,  for  the  Bourne  Bridge,  being  30  ft.  The  pre- 
ceding description  of  the  Sagamore  Bridge  covers  in  a  general  way 
the  structural  features  of  both  bridges. 

Fenders. — All  the  bridges  are  protected  with  fender  work.  At  the 
easterly  end  of  the  canal  there  are  no  destructive  marine  borers,  and 
the  fender  for  the  Sagamore  Bridge  at  this  end  of  the  canal  was  built 
of  untreated  wood.  In  the  warm  water  of  Buzzards  Bay  the  marine 
borers  are  very  destructive,  and  the  fenders  for  the  two  bridges  at 
this  end  of  the  canal  are  of  creosoted  pine.  The  approach  portion  of 
the  fenders  was  designed  and  built  in  the  ordinary  manner  with 
clusters  of  piles  at  the  extreme  ends  and  three  rows  of  staggered  piles 
in  the  approach  proper.  In  the  narrow  throat  immediately  adjacent 
to  the  piers  the  common  design  was  abandoned  in  order  to  obtain 
the  maximmn  width  between  the  fenders.  This  portion  of  the  fender 
was  built  with  50-ft.  span  vertical  trusses,  in  the  case  of  both  highway 
bridges,  and  with  60-ft.  trusses  for  the  railway  bridge.  These  trusses 
were  designed  of  sufficient  strength  to  carry  their  own  vertical  load 
and  with  sufficient  lateral  stiffness  to  stand  the  rubbing  impact  of 
vessels.  This  lateral  stiffness  is  provided  by  four  courses  of  6  by  12-in. 
timber  wales,  blocked,  braced,  and  spliced,  as  shown  by  Fig.  13.  The 
first  and  third  courses  from  the  channel  side  are  extended  and  fastened 
to  three  of  the  dolphin  piles  to  which  collision  impact  is  ultimately 
transmitted. 

Fig.  13  shows  the  general  design  of  the  Buzzards  Bay  railway 
bridge  fender,  the  design  for  the  other  bridges  being  similar. 
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Lighting. — The  canal  proper  is  lighted  by  7-volt,  6.6-ampere,  or 
32-c-p.,  incandescent  lights.  These  are  carried  by  iron  brackets  on 
wooden  poles,  the  poles  being  set  at  about  the  level  of  mean  tide, 
with  the  plane  of  the  lights  25  ft.  above  mean  low  water.  The  poles 
on  the  south  side  of  the  canal  are  painted  red;  those  on  the  north  side 
are  painted  black,  thus  following  the  rule  for  the  colors  of  buoys 
entering  a  harbor,  the  canal  being  considered  as  an  entrance  to  Boston 
Harbor.  These  lights  are  operated  on  an  alternating  current  of  about 
500  volts,  and  are  connected  in  series. 
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In  the  Buzzards  Bay  approach  channel  there  are  seventeen  lights, 
maintained  by  the  Lighthouse  Department  of  the  United  States  Govern- 
ment, the  approach  being  in  the  open  navigable  waters  of  the  United 
States.  Four  of  these  are  on  buoys  at  the  western  end  of  the  channel 
and  thirteen  are  on  pile  dolphins  marking  the  channel  from  Wings 
Neck  to  Agawam  Point.  Coming  from  the  west  the  lights  on  the 
port  hand  are  white  and  on  the  starboard  hand  red.  All  these  lights 
burn  acetylene  gas,  flashing  about  3  sec.  duration  and  2  sec.  eclipse. 
On  one  of  the  two  buoys  at  the  western  entrance  there  is  a  bell  which 
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rings  by  wave  action.  In  time  of  fog  there  are  also  three  bells  operated 
by  storage  batteries,  the  bells  being  maintained  by  the  Canal  Company. 

On  the  north  breakwater  there  is  a  250-watt  Ill-volt  incandescent 
light  with  a  stereopticon  globe,  giving  about  16  000  c-p.  The  plane 
of  this  light  is  40  ft.  above  the  water  sui-face.  At  the  eastern  entrance 
there  are  two  lights  on  buoys  outside  the  breakwater,  or  about  400  ft. 
from  its  end,  with  a  red  flash,  being  luminous  for  5  sec.  and  a  gas  and 
bell  buoy  2J  miles  northeast  of  the  breakwater,  showing  a  white  flash 
every  6  sec,  with  duration  of  2  sec,  the  light  being  390  c-p. 

Electrical  Power. — The  electrical  power  for  the  lighting  of  the 
canal  and  for  the  operation  of  the  three  bridges  crossing  it  is  purchased 
from  the  Southeastern  Massachusetts  Power  and  Electric  Company, 
and  is  transmitted  from  steam  plants  at  New  Bedford  or  Plymouth. 
The  power  is  transmitted  at  22  000  volts,  and  can  be  supplied  from 
the  two  sources  by  either  of  four  routes  to  a  step-down  transformer 
sub-station  near  the  west  approach  of  the  Bourne  Highway  Bridge. 
In  the  sub-station  there  are  two  20-kw.  alternating-current,  gasoline- 
engine  driven  generating  sets,  which  can  be  started  on  short  notice 
for  emergency  conditions.  From  the  sub-station  2  300-volt  lines 
connect  the  three  bridges,  and,  in  addition,  standard  street  lighting 
equipment  is  provided  for  the  lights  on  each  side  of  the  canal. 

At  the  western  end  of  the  Buzzards  Bay  Bridge  there  is  a  storage 
battery  of  280  cells,  of  the  chloride  accumulator  type,  which  is  capable, 
at  full  charge,  of  supplying  sufficient  power  to  open  and  close  the 
Buzzards  Bay  Bridge  twenty-five  or  thirty  times  without  replenish- 
ment. 

In  the  operators'  cages  on  each  of  the  bridges  there  is  a  motor 
generator  set  for  generating  550-volt  direct  current  for  operating  the 
moving  parts  of  the  bridges  and  for  charging  the  battery.  In  case 
of  failure  of  the  alternating  current  supplied  over  any  one  of  the 
four  transmission  routes,  power  is  available  from  the  two  gasoline- 
engine  generating  sets,  or  from  the  storage  battery. 

In  addition  to  the  foregoing  sources  of  power,  the  street  railway 
feeders  of  the  'New  Bedford  and  Onset  Street  Railway  Company 
can  supply  power  at  the  Bourne  and  Buzzards  Bay  Bridges.  Also,  a 
special  connection  has  been  made  to  the  Keith  Car  Company's  plant 
at  Sagamore,  for  the  operation  of  this  bridge  in  an  emergency. 
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The  present  policy  of  operating  in  an  emergency  is  to  rely  on  the 
storage  battery.  There  are  separate  connections  from  the  battery  house 
to  the  operator's  cage  on  the  Buzzards  Bay  Bridge,  and,  through  special 
switching  arrangements,  the  alternating-current  lines  connecting  the 
three  bridges  are  used  in  parallel  for  the  positive  side  of  the  battery 
for  the  operation  of  the  bridge  motors,  and  the  canal  channel  is  used  for 
the  negative  return.  The  capacity  of  the  battery  is  ample  to  operate 
all  three  bridges  many  times  Avithout  replenishment. 

The  power  for  operating  the  bridges  and  lighting  the  canal  runs 
from  6  000  to  8  000  kw-hr.  per  month  at  a  maximum  peak  load  of 
about  140  kw. 

The  Buzzards  Bay  Bridge  requires  about  100  h.p.  of  maximum 
demand  and  about  1  min.  to  open  or  close.  The  power  required  for  one 
operation  is  about  2  ampere-hours.  The  Bourne  and  Sagamore  Bridges 
each  require  about  20  h.p.  for  the  maximum  demand  and  about  the 
same  time  to  open  or  close  as  the  Blizzards  Bay  Bridge. 

Engineering  Personnel. — The  responsible  engineers  of  the  company 
who  have  had  charge  of  the  work  have  been,  of  the  Canal  Company, 
W.  J.  Douglas,  M.  Am.  Soc.  C.  E.,  Deputy  Chief  Engineer  since 
August,  1915,  and  of  the  Construction  Company,  Eugene  Klapp,  M. 
Am.  Soc.  C.  E.,  from  the  commencement  of  operations.  The  engineers 
in  charge  on  the  ground  have  been  Henry  W.  Durham,  M.  Am.  Soc. 
C.  E.,  Resident  Engineer  from  the  commencement  of  operations  to 
April  1st,  1912.  Charles  T.  Waring,  Assoc.  M.  Am.  Soc.  C.  E.,  Resi- 
dent Engineer  from  April  1st,  1912,  to  August  1st,  1914,  when  the 
canal  was  declared  officially  opened,  although  construction  was  not 
quite  complete,  and  when  Mr.  Waring  became  Superintendent.  From 
August  1st,  1914,  to  January  31st,  1915,  the  completion  of  construction 
was  in  charge  of  A.  S.  Ackerman,  Assoc.  M.  Am.  Soc.  C.  E.,  previously 
Assistant  Engineer,  when  the  duties  were  re-assumed  by  Mr.  Waring  in 
connection  with  his  other  duties  as  Superintendent,  and  which  he 
retained  until  January  30th,  1916.  Mr.  W.  S.  Crocker,  who  was 
Assistant  Engineer  during  construction,  became  Resident  Engineer 
under  the  operating  management. 

To  these  gentlemen  and  to  their  assistants  the  Chief  Engineer 
expresses  his  obligations,  and,  in  the  preparation  of  this  paper,  par- 
ticularly to  Mr.  Eugene  E.  Halmos,  member  of  the  stafF,  for  his  co- 
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operation  in  the  development  of  the  mathematical  portion.  He  also 
acknowledges  the  constructive  criticism  of  the  tidal  theory  which  he 
received  from  Mr.  Eollin  A.  Harris,  of  the  U.  S.  Coast  and  Geodetic 
Survey  Bureau. 

The  details  for  the  operation  of  the  canal  were  worked  out  by  Mr. 
J.  W.  Miller,  Vice-President  of  the  Canal  Company. 

Fig.  14  gives  a  list  of  the  contractors  and  sub-contractors,  with 
the  names  of  the  principal  engineers  of  each  and  their  relations  to 
each  other  and  to  the  Construction  Company  and  the  Canal  Company. 
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PART   II. 

Hydraulics  of  the  Cape  Cod  Canal. 

The  actual  physical  construction  of  the  canal  presents  but  few 
items  of  scientific  interest,  other  than  those  usually  attending  new 
problems  in  excavating  and  removing  a  large  quantity  of  material, 
or  ill  building  breakwaters  and  bridges.  The  peculiar  value  of  expe- 
rience and  knowledge  gained  through  the  construction  of  this  water- 
way is  in  the  establishing  of  new  hydraulic  data. 

Motion  of  water  in  open  channels  due  to  gravity  takes  place  under 
three  conditions  differing  in  characteristics  involving  flow:  first,  when 
the  slope  is  always  in  the  same  direction,  as  in  rivers  and  canals 
not  subjected  to  tidal  influences;  second,  when  the  slope  is  constantly 
varying  in  inclination  and  direction,  the  condition  developed  in  the 
estuaries  of  rivers,  the  rise  and  fall  of  the  tide  at  one  end  being 
the  actuating  cause;  third,  when  a  channel  connects  two  bodies  of 
tidal  waters  the  immediate  areas  of  which  are  so  large,  as  compared 
with  that  of  the  connecting  channel,  as  to  be  unaffected  by  water 
discharged  through  it,  and  having  tidal  features  which  differ  con- 
siderably in  range  and  establishment. 

Of  the  first  class,  all  investigations  in  the  characteristics  of  flow 
in  rivers  are  limited  by  the  great  irregularity  of  cross-section,  and, 
therefore,  they  present  but  few  scientific  data  as  determining  the  laws 
of  the  flow  of  liquids.  It  is  only  in  an  artificial  waterway  that 
sufficient  regularity  obtains. 

The  investigations  of  the  flow  of  water  in  artificial  channels  have 
of  necessity  been  confined  almost  wholly  to  channels  of  comparatively 
small  cross-section,  as  that  in  large  canals  has  been  reduced  to  incon- 
siderable velocity  by  locks. 

An  excellent  illustration  of  the  second  class  is  the  southern  end 
of  the  Suez  Canal  between  the  Little  Bitter  Lakes  and  the  Red  Sea. 
In  the  Red  Sea  the  rise  and  fall  of  the  spring  tide  is  1.75  m.,  but 
the  lakes  are  substantially  tideless,  the  maximum  variation  from  high 
to  low  being  0.17  m.  The  tides  are  not  symmetrical  about  mean  sea 
level,  for  the  same  reason  possibly  that  they  are  not  symmetrical 
in  Buzzards  Bay,  as  will  be  described  later,  so  that  the  average  maxi- 
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mura  slopes  are  0.032  and  0.027  m.  per  km.,  northerly  and  southerly, 
respectively,  the  length  of  uniform  canal  section  being  37.05  km.* 

Another  illustration  is  the  Pamlico  Sound-Beaufort  Canal,  in  !N'orth 
Carolina,  where  Earl  I.  Brown,  M.  Am.  Soc.  C.  E.,  Major,  Corps  of 
Engineers,  U.  S.  A.,  made  some  interesting  current  observations.! 
This  canal  has  a  comparatively  small  cross-section  (90  by  10  ft.), 
with  an  average  tidal  oscillation  of  3.8  ft.  at  Beaufort  Harbor.  The 
non-tidal  end,  however,  is  greatly  ailected  by  the  action  of  the  wind 
in  Pamlico  Sound. 

Of  the  third  class,  the  Cape  Cod  Canal  is  the  only  large  instance 
of  such  a  channel  where  all  the  conditions  are  conducive  to  scientific 
study. 

Of  the  natural  waterways  of  this  class,  the  East  River,  connecting 
Long  Island  Sound  and  New  York  Bay,  is  perhaps  the  best  example. 
Extensive  and  careful  observations:}:  in  1912  by  W.  M.  Black,  M. 
Am.  Soc.  C.  E.,  Colonel,  Corps  of  Engineers,  U.  S.  A.  (now  Brig-Gen. 
and  Chief  of  Engineers),  show  similar  characteristics  between  the 
motion  of  water  in  that  stream  and  in  the  Cape  Cod  Canal,  but  the 
irregularity  of  cross-section  of  the  river  renders  the  making  of 
analytical  study  of  observed  results  impossible.  The  Kaiser  Wilhelm 
Canal,  popularly  known  as  the  Kiel  Canal,  also  connects  large  bodies 
of  tidal  waters,  but  it  is  equipped  with  locks,  so  that  flow  through 
the  canal,  other  than  local  drainage,  is  prevented. 

Cape  Cod  Bay  and  Buzzards  Bay,  which  the  canal  connects,  are 
large  sheets  of  open  water.  Cape  Cod  Bay  is  really  a  directly  con- 
necting part  of  the  Atlantic  Ocean,  the  opening  being  about  20  miles 
across.  The  bay  is  circular,  with  a  uniformly  curved  and  substan- 
tially unbroken  shore  line,  and  with  considerable  depth  of  water, 
ranging  from  12  to  25  fathoms,  over  a  flat  floor  with  no  abrupt  hollows 
or  ridges.  Buzzards  Bay,  on  the  other  hand,  is  much  longer  than  it 
is  wide,  being  50  miles  long  and  having  an  average  width  of  about 
7  miles,  with  an  average  depth  of  about  10  fathoms  at  its  opening, 
shoaling  to  about  2  fathoms  at  the  upper  end,  except  in  the  original 
narrow  channels  to  Monument  Beach  and  "Wareham,  or  local  shoals, 
where  the  depth  is  still  less. 

•  The  facts  regarding  the  tides  and  currents  are  contained  in  the  reports  of  the 
"Commission  Consultative  Internationale  des  Travaux"  for  1906  and  1907. 

t  The  results  are  published  in  the  March-April,  1912,  number  of  Professional 
Memoirs. 

t  Professional  Memoirs,  June,    1913. 
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These  bays  are  affected  by  two  different  tidal  waves,  which  are 
quite  dissimilar  in  their  establishments,  ranges,  and  other  character- 
istics. The  wave  that  passes  up  Buzzards  Bay  is  a  branch  of  the 
great  Atlantic  wave  which  runs  northward  along  the  coast,  its  velocity 
of  travel  being  somewhat  retarded  in  its  passage  over  the  compara- 
tively shoal  water  along  the  coast.  The  wave  in  Cape  Cod  Bay  is 
another  branch  of  the  same  great  wave,  which,  traveling  faster  in 
the  deeper  water  off  shore,  strikes  the  ISTova  Scotia  coast  and  thence 
is  deflected  in  part  westward  and  then  southward.  These  two  waves 
meet  and  interfere  in  Vineyard  Sound,  and,  in  the  irregularity  pro- 
duced by  such  interference,  add  to  the  difficulties  of  navigation  and 
cause  fogs  owing  to  their  difference  in  temperature.  The  mean  range 
of  the  tide  in  Cape  Cod  Bay  is  9.0  ft.  at  Boston,  9.6  ft.  at  Plymouth, 
8.9  ft.  at  the  entrance  of  the  canal,*  and  9.2  ft.  at  Provincetown, 
whereas  the  mean  range  in  Buzzards  Bay  is  4.0  ft.  at  New  Bedford 
and  3.6*  ft.  at  the  entrance  to  the  canal. 

Briefly,  then,  the  problem  developed  by  the  construction  of  the  Cape 
Cod  Canal  is  an  extremely  complex  one  in  hydrodynamics,  being  the 
analysis  of  the  motion  of  water  in  a  canal  of  considerable  magnitude 
connecting  two  seas,  the  tides  in  which  differ  to  a  great  extent,  both 
as  to  phase  and  amplitudes. 

Before  entering  on  the  analysis  of  the  problem,  the  basal  facts, 
as  determined  by  the  records,  should  be  set  forth. 

In  the  early  days,  when  a  canal  was  under  consideration,  the  known 
variation  in  tidal  head  at  the  two  ends  of  the  canal  precluded  any 
consideration  of  a  sea-level  canal  through  an  unanalyzed  fear  of  dis- 
astrous results,  and  it  was  not  until  1861  that  any  study  was  made 
of  the  tidal  phenomena  and  conditions,  when  a  legislative  committee 
undertook  the  investigation.  As  explained  previously,  the  committee 
called  to  its  aid  Gen.  Totten,  Professor  Bache,  and  Commander 
Davis,  and  these  gentlemen  in  turn  placed  Mr.  Henry  Mitchell  in 
charge  of  the  tidal  observations.  Mr.  Mitchell's  reports  are  set  forth 
in  detail  in  the  general  report  of  the  committee,  published  as  a  State 
document  in  1864.  He  carried  these  observations  over  one  month, 
therefore  covering  a  lunar  cycle,  and  found  that  the  mean  rise  and 
fall  was  9.17  and  4.11  ft.  at  the  east  and  west  ends,  respectively, 
results    that    agree    closely    with    those    determined    by    observations 

•  From  records  obtained  subsequent  to  the  opening  of  the  canal. 
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extending  over  some  years,  namely,  9.02*  and  3.91*  ft. ;  but  his 
accuracy  ended  there,  because,  knowing  that  the  two  tidal  waves 
oscillated  uniformly  above  and  below  mean  sea  level  at  points  along 
the  coast,  according  to  his  own  and  other  determinations  for  the 
coast  survey,  he  assumed  that  the  same  conditions  obtained  in  the 
locality  under  investigation.  Apparently,  he  set  up  two  tide  record- 
ing stations,  where  he  ascertained  the  heights  of  low  and  high  waters 
and  computed  mean  sea  level  in  each  case  as  half  way  between  mean 
high  and  mean  low.  He  omitted  to  run  a  line  of  check  levels  across 
the  isthmus  to  determine  whether  his  computed  mean  sea  levels  were 
actually,  as  he  assumed  them  to  be,  the  same  datum  plane — another 
illustration  of  the  danger  of  making  assumptions  in  engineering  work 
without  actual  knowledge.  Therefore,  he  determined  that  though 
the  durations  of  the  flood  and  ebb  tides  were  the  same  in  Cape  Cod 
Bay,  in  Buzzards  Bay  the  flood  endured  for  7  hours  01  min.  and 
the  ebb  for  5  hours  23  min.,  and,  as  a  corollary,  that  the  maximum 
differences  in  simultaneous  tidal  heights  between  the  two  ends  on 
the  flood  and  on  the  ebb  were  not  nearly  equal.  As  indicative  of  the 
lack  of  knowledge  then  existing  regarding  the  flow  of  water  in  large 
open  channels,  the  tidal  report  contained  a  conclusion,  which  the 
board  thought  of  sufficient  importance  to  put  in  Italics,  reading:  "The 
greater  the  transverse  section  of  the  free  canal,  the  more  rapid  will 
be  the  flow  through  it."  It  seems  extraordinary  that  as  recently  as 
1860  that  statement  was  sufficiently  novel  to  be  deemed,  by  men  like 
Professor  Bache  and  Mr.  Henry  Mitchell,  as  "interesting"  and  worthy 
of  being  put  in  Italics  in  a  Government  report. 

Tidal  observations  were  begun  by  the  writer  in  October,  1907, 
when  automatic  recording  mareograph  instruments,  of  the  TI.  S. 
Coast  Survey  type,  were  set  up  at  Monument  Beach  in  Buzzards 
Bay  and  at  Barnstable  in  Cape  Cod  Bay.  When  the  canal  excavation 
began,  these  instruments  were  transferred  to  the  points  just  within 
the  canal  at  each  end  (Canal  Stations  35  and  380),  where  they  have 
been  maintained  continuously  under  observation.  The  differences  in 
tidal  heights  and  times  between  the  first  selected  points  and  those 
within  the  canal  were  found  to  be  so  small  as  to  be  neglisible. 
Accurate  levels  were  run  between  the  two  instrmnents,  so  that  their 


From  records  obtained  previous  to  the  opening  of  the  canal. 
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readings  are  based  on  a  common  datum,  which,  in  order  to  avoid 
''minus"  elevations,  was  taken  as  100  ft.  below  mean  sea  level. 

The  simultaneous  elevations  of  the  two  tides  for  a  lunar  cycle  are 
shown  superimposed  in  Fig.  15.  From  this  diagram  it  will  be  seen 
that  the  tides  in  Cape  Cod  Bay  are  quite  symmetrical  above  and 
below  mean  sea  level  and  the  path  of  the  curve  is  regular,  and  closely 
approximates  a  sine  curve.  This  is  to  be  expected,  because  the  smooth 
contours  and  depth  of  water  permit  the  tidal  wave  to  pass  without 
sensible  retardation  or  uneven  interruption.  In  Buzzards  Bay  the 
case  is  quite  different,  for  the  depth  of  water,  especially  at  the  upper 
end,  is  so  slight  that  the  difference  in  depth  between  high  and  low 
water  is  considerable,  being  nearly  4  ft.  on  an  average  depth  of  about 
30  ft.,  a  variation  of  nearly  40  per  cent.  The  consequence  is  that 
tiiough  the  tide  flows  in  freely,  in  ebbing  it  soon  reaches  a  point 
■where  bottom  friction  accentuated  by  great  bottom  unevenness,  pro- 
duces a  serious  effect  and  retards  the  outward  flow.  This  is  shown 
distinctly  in  Fig.  15  where  the  loop  of  the  tide  curve  above  mean  sea 
level  is  regular  and  the  trough  or  lower  loop  of  the  tide  curve  is  dis- 
tinctly irregular.  It  will  be  noted,  however,  that  the  periods  of  flood 
and  ebb  are  equal  in  duration,  and  not  unequal,  as  Mr.  Mitchell  sup- 
posed. In  Buzzards  Bay  mean  high  tide  is  2.14  ft.  above  mean  sea 
level  and  mean  low  tide  1.45  ft.  below  it,  but  if  the  lower  branch  of 
the  Buzzards  Bay  curve  is  projected,  as  sho^^^n  by  the  dotted  line  in 
Fig.  16- — a  typical  mareograph  record— the  curve  becomes  regular, 
and  the  heights  of  high  and  low  water  are  equal  above  and  below 
mean  sea  level. 

It  was  found  that  the  difference  in  time  between  high  water  at 
the  two  ends  is  3  hours  15  min.,  or  substantially  the  same  as  deter- 
mined by  Mr.  Mitchell,  so  that,  for  all  practical  purposes,  the  tides 
are  just  half  tide  apart. 

In  Cape  Cod  Bay  the  elevation  of  mean  high  water  is  104.42  ft., 
datum  plane  being  taken  at  100  ft.  below  mean  sea  level,  and  the  ele- 
vation of  mean  low  water  is  95.50  ft.  In  Buzzards  Bay  the  elevations 
are  102.14  and  98.55  ft.,  respectively.  Fig.  16  shows  the  curves  of 
two  mean  tides,  and  from  this  diagram  it  will  be  seen  that  the  maxi- 
mum instantaneous  differences  in  elevation  of  the  water  surfaces 
occur  30  min.  after  high  water  and  30  min.  after  low  water  in  Cape 
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Cod  Bay,  and  that  for  1  hour  30  min.  in  each  case  the  difference  in 
elevation  is  practically  unchanged,  the  paths  of  the  two  curves  being 
nearly  parallel.  It  is  fortunate,  from  the  scientific  standpoint,  that 
the  incompleteness  or  irregularity  of  the  trough  of  the  Buzzards  Bay 
tide  curve  does  not  affect  the  maximum  differences,  as  the  irregularity 
does  not  begin  until  after  the  instantaneous  difference  has  begun  to 
diminish  sensibly.  The  irregvdarity,  therefore,  affects  only  hydro- 
dvnamics  and  flow  conditions  that  are  less  than  the  maximum. 


Fig.  16. 

As  the  slope  remains  practically  constant  for  a  time  long  enough 
to  eliminate  variations  produced  by  wave  propagation,  the  canal 
becomes  an  example  of  motion  of  water  affected  by  variations  in  ele- 
vations at  both  ends,  and  also  of  a  large  channel  in  which  the  "head" 
is  constant. 

In  actuality,  the  tidal  elevations  vary  considerably  from  the  mean 
figures,  according  to  the  moon  phases  producing  "spring"  and  "neap" 
tides  and  also  to  irregularities  following  wind  action.  Tables  2  to  9, 
inclusive,  give  the  numbers  of  tides  in  each  year  grouped  in  variations 
of  foot  differences,  from  1908  to  1915,  inclusive.  The  average  maxi- 
iQimi  differences,  as  determined  from  the  data  contained  in  these 
tables,  are  5  ft.  producing  easterly  and  5.3  ft.  producing  westerly  cur- 
rents, including  the  effects  of  storms.  The  maximum  difference 
occurred  on  January  13th,  1915,  when  it  was  9.5  ft.  westerly,  being 


72 


THE   CAPE   COD   CANAL 


ta 

cc 

^ 

o^ 

05 

-3 

00' 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

05 

o 

to 

o 

-5 

to 

>t* 

to 

o 

to 

03 
O 

o 

o 

to 

- 

to 

en 

50 

►- 

s 

o 

o 

4^ 

CO 

iO 

o 

05 

o 

>4^ 

05 

o 

o 

o 

d 

g 

o 

lb. 

o 

O 

o 

o 

to 

fO 

CO 

-3 

00 

to 

o 

o 

^ 

4^ 

Ctt 

o 

o 

■cc 

C5 

s 

o 

to 

- 

as 

to 

>l^ 

- 

o 

g 

o 

o 

Ol 

o 

5D 

s 

05 

to 

05 

o 

o 

o 

OS 

s 

to 

en 

■^ 

- 

o 

g 

o 

o 

C5 

M 

-J 

B 

CO 

o 

g 

o 

o 

Oi 

Qtj 

g 

- 

- 

o 

OI 

o 

o 

-3 

■J5 

g 

:i 

en 

o 

OS 

o 

o 

o 

CO 

to 

to 

C5 

^J 

en 

o 

s 

o 

o 

= 

- 

to 
to 

CO 

ki^ 

to 

o 

o 

o 

5 

g 

o 

o 

to 

o 

o 

o 

o 

IS 

!D 

g 

00 

-3 

^ 

§s 

o 

(0 

-i 

cs 

to 

- 

o 

o 

00 

o 

o 

*» 

^ 

CO 

c;i 

-3 

to 

g 

o 

M 

en 

s 

-} 

00 

C5 

»;^ 

cs 
o 

o 

o 

- 

E 

IS 

o 

« 

^ 

» 

o 

CO 

o 

o 

00 

o 

- 

o 

s 

o 

CO 

»0 

OI 

-1 

CO 

'X 

o 

o 

o 

tl 

to 

05 

o 

- 

o 

05 

o 

o 

o 

CO 

to 

g 

-3 

kJ^ 

o 

i 

ts 

•J3 

i 

to 

to 

o 

o 

g 

s 

n 

c 

*. 

cc 
-I 

o 

to 

to 

s 

-3 

en 

t^ 

s^ 

"■ 

» 

=• 

5j_ 

5' 

c 

3 

0 

3 

ro 

B 

<-»■ 

1  + 

J-* 

cc 

+ 

CO 

CO 

C5 

oc 

> 

2! 

en 

01 

1 

CO 

■-0 

+ 

CO 

to 

■^ 

H 

.£^ 

M 

a 

■c>. 

05 

CO 

00 

o 

+ 

g 

> 

to 

00 

» 

OC' 

00 

' 

to 

-3 

+ 

5D 

o 

> 

1J 

CO 

00 

» 

CO 

en 

■ 

CO 

-3 

+ 

to 

'"' 

CO 

-3 

Kj 

-3 

to 

1 

CO 

-3 

+ 

«H 

4- 

~ 

0 
5S 

05 

1 

_K 

CO 

CO 

^3 

en 

+ 

C_| 

oo 

"< 

o 

" 

1 

CO 

-3 

+ 

o 

o 

►> 
a 

CO 

00 

0 

05 

o 

1 

to 

en 

00 

+ 

H 

CO 

o 

1 

to 

00 

+ 

^^ 

>t- 

o 

o 

CO 

CO 

H 

oc 

to 

1 

to 

-J 

+ 

05 

0-. 

o 

to 

-3 

<i 

CO 

CO 

1 

CO 

-3 

+ 

to 

CO 

o 

IB 

CO 

-J 

o 

en 

<c- 

1 

_> 

«c 

+ 

to 

(^ 

to 

00 

oc 

oc 

1 

THE   CAPE  COD   CANAL 


73 


Nl 

M 

.^^ 

o< 

m 

^) 

00 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

05 

o 

o 

-1 

00 

5o 

to 

- 

o 

o 

g 

o 

o 

05 

05 

g 

to 

to 

^ 

s 

o 

^ 

5 

05 

*. 

- 

o 

o 

£ 

o 

- 

to 

CO 

O: 

- 

en 

o 

o 

- 

to 

g 

« 

o 

o 

o 

o 

s 

o 

o 

-J 

8 

to 
ts 

at 

o 

o 

s 

o 

io 

00 

g 

t; 

- 

o 

o 

s 

o 

CO 

4^ 

to 

4^ 

rf:- 

CO 

o 

o 

§ 

o 

- 

'S 

CO 

ai 

o 

o 

o 

g 

o 

M 

X 

to 

o 

CO 

o 

o 

s 

o 

o 

to 

§ 

-1 

o 

o 

o 

g 

o 

^ 

^ 

s? 

•o. 

o 

o 

o 

g 

o 

o 

s 

sg 

>f>. 

o 

o 

o 

o 

o 

J^ 

g 

g 

en 

o 

o 

o 

o 

o 

- 

4^ 

c;i 

>i^ 

«>. 

to 

o 

05 

o 

o 

o 

to 

to 

oc 

0^ 

" 

o 

00 

o 

o 

" 

^ 

8 

- 

o 

CO 

en 

o 

o 

CO 

>u 

JO 

<! 

00 

^ 

§ 

o 

- 

en 

o: 

E 

o 

o 

- 

OS 

o 

o 

o 

CO 

vi 

to 

CO 

00 

to 

to 

en 

00 

o 

" 

CE 

^ 

X 

to 

U1 

o 

s 

o 

o 

to 

to 

-J 

<i 

en 

Oi 

g 

o 

o 

CO 

^ 

g 

to 

o 

o 

g 

o 

o 

o 

s 

to 

to 

ao 

to 

g 

- 

s 

i 

i 

s 

g 

to 

•^ 

i 

o 

ts 

o 
-J 

i 

i 

OD 

4^ 

lb. 

to 

■5 


^  H 
S*  P 
S  " 

g 

s 

1 

B 

c->  "^ 

3 

3 
c 

O 

c 

3 

fD 

P 

1   + 

to 

OS 

+ 

to 

00 

> 

CO 

X 

z 

CO 

o 

1 

to 

o 

+ 

en 

X 

to 

-J 

a 

1 

en 

00 

1 

- 

en 

+ 

-I 

oc 

CO 

-! 

S) 

io 

-} 

1 

to 

ro 

+ 

o 

o 

> 

^ 

to 

OS 

1 

p 

B 

to 

en 

+ 

s 

c 

to 

o 

ti 

>■ 

to 

0-. 

X 

CO 

-I 

1 

H 

CO 

en 

+ 

t. 

5. 

■z 

i_ 

to 

en 

H 

05 

>(^ 

1 

» 

CO 

to 

en 
en 

+ 

Ct) 
CD 

to 

en 

u 

o 

CO 

CO 

4^ 

1 

to 

OS 

-3 

bo 

+ 

> 

5 

CO 

-3 

o 

hr 

!»- 

4^ 

1 

ft) 

CO 

X 

+ 

oc 

to 

•fl 

CO 

X 

, 

►^ 

o 

to 

1 

to 

X 

+ 

-J 

^ 

O 

o 

CO 

X 

H 

CO 

CO 

1 

to 

-3 

+ 

to 

X 

2 

o 

CO 

to 

< 

00 

to 

1 

eo 

Oa 

+ 

to 

c» 

a 

>»>. 

X 

O 

to 

CO 

1 

H- 

00 

+ 

-J 

to 

s 

to 

to 

CO 

to 

' 

8 

O 


b 

pi 

tti 

rt 

ct) 

■jl 

CD 

Q 

Q 


o 

o 

O 

> 


CO 

o 

CO 


74 


THE  CAPE   COD   CANAL 


>o 

to 

lb. 

en 

a 

-} 

oc 

+ 

+ 

+ 

+ 

+ 

+ 

4- 

+ 

8 

- 

K) 

•-C 

to 

-J 

~i 

- 

o 

O 

o 

o 

c 

s 

to 
-I 

o 

to 

o 

4^ 

o 

tc 

Ot 

C5 

OJ 

to 

to 

o 

£ 

- 

to 

iT 

to 

tn 

^ 

>b. 

o 

g 

o 

o 

oc 

ts 

to 

to 

00 

ts 

o 

g 

o 

cc 

5 

GC 

>;>. 

00 

>b. 

o 

g 

o 

o 

ZD 

-5 

s 

to 

lb- 

- 

S 

o 

JO 

u; 

to 

c^ 

CI 

00 

o 

g 

o 

c 

»o 

s 

to 

o 

oo 

,6. 

OS 
o 

o 

o 

lu 

ts 

to 

-J 

X 

1 

o   j 

s 

o 

o 

o 

tn 

to 
to 

s 

*» 

- 

g 

o 

o 

o 

s 

•f- 

to 

to 

o 

g 

o 

o 

o 

o 

tn 

^ 

o 

o 

§ 

o 

o 

05 

ts 

to 

tn 

«5 

- 

o 

8 

o 

o 

- 

:i 

-^ 

o 

o 

o 

05 

o 

o 

o 

■t. 

li 

g 

00 

to 

o 

g 

= 

o 

en 

(X 

>£^ 

to 

tC 

to 

o 

- 

en 

- 

00 

05 

-1 

o 

8 

o 

- 

-1 

-J 

oo 

tn 

OS 

OS 

o 

o 

o 

o: 

to 

oo 

CO 

CO 

- 

(X 

o 

o 

iC 

c: 

to 

:; 

-J 

to 

g 

o 

c 

ai 

tl 

^ 

iF' 

00 

to 

05 

o 

o 

o 

ts 

to 

to 

o 

;D 

en 

CO 

05 
O 

o 

o 

-^ 

00 

g 

OS 

lb. 

- 

i 

p- 

o 

§ 

s 

» 

i 

§ 

to 

i 

^ 

QC 

5-! 

i 

i 

t7t 

lb. 

OS 

o.  1 

^1 

o 


G 


5" 

B 
c 
3 

1 

i 

OS 

to 

-1 
to 

1 

e-i 
?! 

ts 
io 

QC 

-J 
ts 

+ 
1 

CO 
CO 

to 

to 

;<1 

tn 

-J 

+ 

1 

OS 

to 

00 

b 
b 

+ 
1 

09 

CO 

00 

00 

en 
b 

+ 
1 

< 

ts 

o 

30 

to 

to 

+ 
1 

CO 

OS 

-J 

b 

b 

+ 

1 

=-1 
a 

r 

_«! 

to 
oc 

CO 

to 

bo 
b 

+ 
1 

a 

CO 
to 

OD 

to 

1 

.3 

to 

bo 

CO 

00 

bo 

00 
IS 

+ 

1 

o 

o 

H 

to 

00 

00 

en 

+ 
1 

5f| 

CO 

OS 

to 
b 

■X 

ts 

00 

en 

i 

p 

CO 

-J 

00 

oc 

oo 
h' 

+ 
1 

p 

£    ^ 


THE   CAPE   COD   CA^STAL 


75 


(O 

CO 

hU. 

en 

OS 

-3 

00 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

g 

o 

o 

OS 

OI 

to 

5 

Ol 

o 

s 

o 

- 

*. 

o 

to 

CO 

^ 

or 

c 

2 

o 

- 

CI 

«o 

-3 

^ 

00 

OS 

S 

o 

w 

OS 

>o 

o 

s 

OS 

h- 

o 

S 

o 

><^ 

o 

to 

to 

e« 

o 

c 

8 

o 

o 

lt>. 

4^ 

en 

to 

CO 

o 

g 

o 

CO 

to 

00 

<! 

o 

- 

o 

S 

o 

o 

^J 

CO 

§ 

>c^ 

kC^ 

c 

o 

o 

o 

- 

CO 

- 

~ 

to 

o 

g 

o 

o 

CO 

»0 

to 

to 

en 

o 

en 
00 

o 

o 

= 

OS 

OS 

c;i 

o 

- 

at 

00 

o 

o 

o 

5 

§ 

to 

>(^ 

o 

o 
o 

o 

o 

to 

CO 

o: 

to 

to 

- 

OS 

o 

o 

o 

o 

en 

g 

t^ 

to 

c 

g 

o 

o 

OS 

oo 

to 

CJ< 

- 

o 

c 

Oi 

o 

o 

o 

>(s. 

en 

iS 

n; 

CO 

c: 

g 

- 

o 

M 

^ 

OS 

to 

o 

o 

s 

o 

o 

50 

- 

^ 

s 

to 

o 

8 

- 

>(>. 

CO 

-1 

-1 

OS 

to 

o 

o 

o 

10 

00 

- 

s 

s 

CO 

o 

at 

00 

o 

iO 

- 

s 

to 

o 

-! 

to 

o 

en 

uo 

o 

o 

at 

iO 

00 

4* 

to 

c 

8 

o 

- 

CD 

to 

GO 

^ 

4^ 

c 

§ 

o 

o 

o 

ss 

OS 

CO 

CO 

o 

05 

10 

en 

s 

OS 

i 

o 

00 

§ 

OS 

o 

OS 

8 

o 

i 

^ 

CO 

o 

M 

S 

g 

p 

B 

B 

s 

o 

c 

B 

B 

5 

(C 

B 

<-»■ 

+ 

CO 

^' 

+ 

at 

'-1 

to 

-I 

oo 

-^ 

1 

to 

00 

+ 

" 

to 

to 

-J 

CO 

CO 

en 

1 

to 

OS 

+ 

g 

CO 

o 

> 

CO 

M 

» 

to 

to 

1 

to 

<J 

+ 

to 

^ 

CO 

^J 

!0 

CO 

-i 

1 

CO 

-1 

+ 

s 

to 

to 

> 

CO 

o 

>< 

OS 

1^ 

1 

CO 

OS 

J- 

Ch 

''^ 

a 

4^ 

-^1 

M 

CO 

4S> 

1 

CO 

-? 

+ 

e. 

^ 

a 
r 

4^ 

<! 

«! 

to 

CO 

1 

CO 

OS 

+ 

4^ 

00 

> 
a 

CO 

-> 

9 

en 

en 

1 

-- 

OS 

+ 

m 

OS 

>d 

H 

^ 

-' 

1 

^ 

-3 

+ 

00 

o 

o 

o 

to 

-i 

_n  1 

oc 

to 

1 

to 

»J 

+ 

4^ 

oo 

5i 

o 

Co 

-J 

< 

4^ 

to 

1 

to 

»J 

+ 

^ 

00 

4- 

<! 

o 

o 

tc 

1 

I-* 

00 

+ 

OS 

to 

to 

to 

-1 

^ 

CO 

to 

1 

> 


W 

w 

n 

o 
w 
o 

X 

o 

*1 

C3 

C 

H 

B 

o 

> 

H 

r 

It; 

b 

?3 

t* 

w 

2 

>?; 

f2 

Q 

o 


2-    o 


76 


THE   CAPE   COD   CANAL 


lO 

CO 

4^ 

in 

03 

-1 

00 

-h 

-h 

+ 

+ 

H- 

+ 

+ 

-f- 

o 

- 

- 

tc 

- 

o 

-? 

>l^ 

o 

o 

o 

o 

- 

CO 

B 

- 

to 

CO 

§5 

o 

- 

tc 

cc 

55 

00 

to 

o 

§ 

o 

o 

CO 

en 

o 

>£^ 

to 

to 

S 

o 

CO 

00 

>£^ 

to 

00 

-J 

- 

g 

o 

o 

o» 

- 

s 

to 

or 

kj^ 

to 

00 

o 

OS 

o 

8 

to 

to 

CO 

o 

o 

CO 

o 

o 

*. 

5 

iO 

to 

k£^ 

CO 

o 

o 

o 

cc 

-J 

w> 

to 

o 

° 

o 

§ 

o 

o 

05 

s 

at 

iC> 

^ 

K- 

s 

o 

- 

CO 

g 

to 

35 

to 

o 

s 

o 

c 

- 

-^J 

to 

OS 

tt^ 

o 

05 

o 

o 

o 

- 

8 

05 

to 

to 

- 

g 

o 

^ 

CO 

Nl 

to 

- 

>«> 

o 

g 

o 

o 

CO 

§ 

-i 

-1 

-3 

o 

§ 

o 

o 

CO 

to 

^ 

to 

00 

o 

g 

o 

CO 

- 

-J 

00 

to 

en 

to 

OI 

o 

- 

en 

:d 

§ 

•£^ 

-} 

to 

g 

o 

- 

-5 

iO 
iO 

<! 

-x> 

to 

to 

g 

o 

o 

o 

r 

-i 

d 

«. 

o 

or 

00 

o 

- 

o» 

o 

to 

- 

a> 

o 

s 

o 

- 

o 

to 

o 

^ 

- 

CO 

o 

o 

o 

- 

05 

Ci 

to 

OI 

00 

CO 

o 

Si 

o 

o 

- 

to 

00 

to 

CO 

»J 

to 

o 

1 

- 

K. 

8 

i 

to 

5 

to 
at 

c 

OJ 

^ 

y 

o 

>o. 

g 

5^ 

t4^ 

c: 

.c 

o 

1    + 


g 

5' 

S 
p 
B 

3 
a 
3 

to 

CO 

oc 

+ 
1 

c^ 
>■ 
as 

to 

CO 
CO 

en 

-J 

to 

00 

b 

+• 
1 

to 
en 

CO 

oo 

00 

to 

+ 

1 

to 

CO 

en 

+ 

1 

> 

to 

CO 

OS 

to 

GC 

+ 

1 

3 

> 
k! 

CO 

-J 

CO 

+ 
1 

G 

m 

CO 

hi 
to 

00 
05 

+ 
1 

C-( 

a 

k! 

CO 

bo 

-1 

to 

to 

+ 
1 

> 
§   i 

■     ! 

10 

to 

to 

to 

00 

to 

00 

at 

+ 
1 

w 

•0 
H 

to 

to 

CO 

00 

en 

-J 

en 

4- 
1 

O 

o 

to 

to 

to 

05 

-1 
bo 

OS 

+ 

!2! 

o 

to 

to 

en 

+ 
1 

p 

CO 

00 

to 

00 

+ 
1 

to 
to 

THE  CAPE   COD  CANAL 


77 


N) 

CO 

4^ 

at 

ffl 

-f 

00 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

o 

o 

o 

>4^ 

to 

00 

00 

05 

- 

o 

o 

ts 

-^J 

00 

-1 

o 

05 

o 

4i 

o 

o 

to 

s 

t(^ 

00 

to 

- 

o 

o 

UI 

g 

o 

-} 

to 

.- 

§ 

o 

to 

w 

to 

to 

CO 

-J 

o 

o 

o 

tc 

:=: 

s 

E 

o 

CO 

- 

o 

to 

>t^ 

CO 

tJI 

oo 

o 

o 

g 

c 

o 

o 

-1 

00 

s 

UT 

o 

s 

- 

10 

CO 

to 

00 

s 

lb. 

- 

= 

s 

o 

o 

CO 

00 

to 

4^ 

to 

CO 

o 

in 

cc 

o 

o 

en 

to 

h4^ 

to 

en 

«- 

o 

o 

□0 

o 

o 

CO 

03 

to 

-J 

o 

to 

o 

§ 

c 

o 

:. 

to 

w. 

00 

- 

o 

s 

o 

o 

to 

to 

g 

CO 

o 

o 

1  s 

o 

o 

to 

s 

to 

to 

^ 

- 

o 

s 

o 

o 

>I^ 

to 

o 

to 

o 

CT 

o 

:   ^ 

o 

o 

00 

00 

oo 

-> 

-{ 

o 

1 
s 

o 

o 

-J 

CT 

00 

- 

-5 

o 

§ 

o 

- 

- 

oa 

C' 

to 

CO 

o 

s 

o 

o 

o 

^ 

s 

*- 

CO 

- 

00 

o 

CO 

o 

|5 

-J 

0-. 

o 

o 

oc 

o 

o 

l(^ 

-} 

to 

cc 

to 

o 

o 

o 

is 

-J 

to 

§ 

CO 

- 

o 

i  B 

o 

o 

*" 

to 

§ 

-J 

^ 

o 

1  i 

- 

^^ 

8 

to 

00 
CO 

§ 

to 

- 

= 

It' 

Cft 

CO 

C3 

CO 

to 

o 

CO 

&  5<     05 


a 

5' 

C 

3 

3 
e 
3 

CO 

to 

00 

to 

+ 

5h 
5! 

CO 
CO 

to 

00 
CO 

+ 

1 

a 

to 
to 

-3 

to 

ex 

b 

+ 

1 

to 

CO 

C5 

bo 

+ 
1 

> 

CO 

cc 

'a: 

CO 

b 

+ 
1 

k! 

CO 

it' 

CO 
05 

02 

io 
to 

1 

CO 

bo 

CO 

Ci 

-5 

bo 

+ 
1 

C-l 

CO 
OS 

CO 

^1 

+ 

1 

CO 

to 

CO 

CO 

+ 
1 

CO 
H 

to 

to 

-1 
to 

oc 

b 

+ 

O 
o 

to 

<i 

oo 

05 

03 

+ 
1 

c 

ts 

CO 

b". 

CO 

+ 

1 

p 

CO 

to 

CJI 

00 

is 

00 
CO 

+ 

1 

i 

td 


W 


a.   O 

B    ^ 

pi     H 


U 


o 


$S    P 


o 


78 


THE  CAPE   COD   CANAL 


to 

05 

0-. 

-3 

00 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

OS 

o 

o 

c 

•c^ 

00 

to 

s 

to 

0 

_ 

^ 

o 

^ 

CO 

to 

■" 

CO 

"^ 

CT 

0 

£ 

c 

>l^ 

- 

CO 

41 

Ci 

to 

- 

ai 

o 

^ 

as 

CO 

tt> 

CO 

- 

^ 

o 

o 

a. 

00 

8 

-Q 

- 

- 

0 

o 

o 

o 

CO 

^ 

to 

c» 

!D 

4^ 

o 

» 

en 

SD 

^ 

>(^ 

CO 

0 

g 

o 

- 

^5 

JS 

x> 

00 

to 

0 

s 

o 

o 

« 

£5 

0 

ts 

0 

8 

o 

o 

4^ 

00 

to 

!D 

05 

to 

00 

o 

o 

CO 

fc 

to 
to 

-} 

to 

0 

ex 

o 

o 

to 

s 

to 
to 

4- 

CO 

0 

,s 

o 

o 

iCI 

CO 

to 

CO 

0 

= 

g 

o 

o 

4^ 

rr 

tt^ 

•^ 

- 

0 

s 

o 

- 

(X 

g 

00 

« 

0 

0 

o: 

o 

►- 

00 

-J 

to 

en 

CC 

0 

0 

g 

o 

■b- 

CO 

^ 

-3 

c» 

- 

0 

s 

o 

o 

00 

CO 

g 

:^ 

- 

0 

g 

<=:■ 

CO 

-1 

to 

•J5 

C3i 

c« 

= 

o 

O 

o 

xs 

iO 

-1 

-^ 

CO 

0 

o 

iO 

UI 

w 

CO 

to 

CO 

0 

S 

c: 

- 

.c> 

55 

!0 
-1 

4^ 

to 

0 

g 

t= 

CO 

- 

s 

to 

-1 

to 

c; 

o 

o 

►- 

o 

g 

5 

0 

ic 

0 

o 

CJI 

c 

»0 

CI 

CO 

-J 

to 

CI 

J4 

- 

05 

o 

00 

5 

O 

o 

to 
3o 

CI 

g 

-J 

^« 


!2i 

to' 

3 

C 

H 

3 


3' 
B 

3 

1 

CO 
CO 

to 

en 

b 

+ 

1 

> 

55 

ts 

to 

io 

oc 

CO 

1 

W 

?       1 

to 

CO 
CO 

4^ 

+ 

> 

to 
io 

to 

bo 

b 

+ 

1 

> 

CO 

to 

CO 

to 

00 
CO 

1 

CO 

bo 

CO 

bo 

ct 

+ 
1 

C-l 

CO 

to 

CO 

05 
CI 

b 

+ 
1 

r 
."1 

to 

to 

to 

to 

05 
CO 

CO 

+ 

> 
a 

to 

CO 

b 

-J 

00 

-J 

b 

+ 
1 

to 

CI 
CO 

b 
b 

+ 
1 

0 

3 

to 

bo 

to 

bo 

CI 

+ 
1 

z 

? 

to 

CJI 

to 

OJ 

-J 

b 

;-3 

b 

'  + 
1 

to 

ts 

1   "" 

00 

00 

4^ 

+ 
1 

CO 

^ 


p 

0 

X 

c 

3 

•^ 

m 

H 

B 

0 

> 

H 

tr 

^ 

^ 

0 

b 

t* 

w 

CD 

iz; 

2-    o 


THE   CAPE   COD   CANAL 


79 


to 

CO 

>^ 

en 

OS 

-5 

00 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

_l_ 

OS 

o 

0 

- 

-1 

to 

00 

-• 

cn 

- 

=5 

0 

» 

oc 

Oi 

01 

to 

0 

.- 

- 

•u 

E 

Oi 

^ 

■^ 

= 

0  1 

g! 

0 

,t^ 

tn 

to 

B 

CO 

►- 

0 

§ 

0 

-1 

OS 

^ 

^ 

C-. 

c- 

0 

g 

0 

05 

i« 

-J 

X 

-5 

to 

0  1 

S 

0 

- 

to 

i8 

>(^ 

>£- 

OI 

0 

s 

0 

0 

ZD 

4^ 

- 

0 

to 

0 

§ 

0 

0 

0^ 

at 

to 

- 

to 

0  ! 

02 

0 

M 

0 

n 

03 

c;- 

0 

0 

s 

0 

0 

- 

to 

§ 

05 

to 

i 

s, 

= 

0 

-J 

" 

-i 

to 

0 

0 

05 

0 

0 

° 

CT 

to 

to 
to 

en 

- 

0 

05 

0 

0 

^ 

<! 

to 

0 

cs 

0 

0 

0 

0 

to 

-^} 

to 

0 

g 

0: 

0 

0  i 

0 

0 

to 

>(^ 

to 

to 

0: 

- 

0 

0 

00 

0 

- 

5 

s 

CD 

-J 

on 

0 

s 

C 

02 

03 

s 

to 

*- 

0 

0 

0 

C 

01 

M 

to 

s 

- 

0 

0 

§ 

0 

05 

S 

- 

s 

to 

0 

°  I 

g 

0 

- 

to 

to 

s 

en 

0: 

to 

30 

H- 

0 

01 

M 

•35 

as 

0 

0 

g 

c 

=> 

M 

S 

it 

c 

01 

0 

§ 

0 

c 

5 

0: 

to 

0 

to 

^ 

0 

-1 

0 

ts 

g 

i 

§ 

g 

Ij^ 

-.1 

^ 

§ 

1 

oi 

50 

to 

s 

C-. 

^ 

2 

s 

a 

p 

3 

B 

(S 

c 

B 

3 

to 

00 

+ 

to 

0 

>■ 

to 

0 

z 

«■ 

^ 

1 

1 

to 

OS 

+ 

1 

01 

'-' 

•^ 
a 

to 

-J 

a 

en 

01 

1 

to 

OS 

+ 

OS 

CJI 

to 

-J 

» 

to 

'^ 

to 

^ 

+ 

0 

OS 

> 

to 

-:! 

» 

0 

^ 

1 

cc 

-c 

+ 

to 

bo 

> 

to 

OS 

K> 

to 

OS 

1 

OS 

00 

+  ■ 

Ch 

b 

OS 

OS 

m 

>u 

OS 

1 

05 

<! 

+ 

<! 

c 
f 

to 

OS 

X 

!0 

en 

1 

to 

p 

+ 

OS 

-J 

> 

to 

OS 

0 

-J 

OS 

1 

to 

-J 

+ 

-J 

1: 

to 

OS 

H 

OS 

to 

1 

to 

OS 

+ 

'-' 

0 

0 

0 

to 

OS 

0^ 

ts 

1 

to 

00 

+ 

oc 

OS 

z 
0 

W-. 

OS 

;< 

Ki 

OS 

1 

OS 

-I 

+ 

0 

en 

a 

H 

CO 

-J 

0 

0 

to 

1 

to 

0 

00 
CO 

+ 

to 

l-l 

to 

OI 

-J 

=jj 

1 

td 


W 


» 

u 

« 

0 

B 

•^ 

Pi 

H 

b! 

R 

> 

H 

r 

0 
•5 

b 

Tl 

tti 

w 

rr> 

"J^ 

0 

H 
CO 

ft> 

Ol 

0 

> 

P 

^^ 

0 

1 

0 
0 

o 


80 


THE   CAPE   COD   CANAL 


produced  by  a  great  tide  on  the  Massachusetts  coast,  the  result  of  a 
violent  storm.  The  minimum  difference  was  1  ft.  8  in.  easterly.  It 
will  be  seen,  on  study  of  these  tables,  that  the  excessive  tides  are 
comparatively  few,  the  greater  majority,  about  83.5%  in  fact,  giving 
heads  that  vary  from  3  to  6  ft.,  and  only  about  2%  giving  differences 

N.  N. 


E.     W. 


s.  s. 

YEAR,  1910.  OCTOBER.  1912. 

TRUE  AVERAGE  HOURLY  VELOCITY,  13.1   MILES  TRUE  AVERAGE  HOURLY  VELOCITY.  1  1.2  MILES 
N. 


WIND  ROSES 
SANDWICH,  MASS. 


E.Kplanation  of  diagrams: 
Radial  lengths  from  focus  iii 
shaded  area  represent  percentage  o£ 
observations  of  prevailing  direction. 
Radial  lengths  from  focus  in  blank 
area  represent  true  average  hourly 
velocity  in  each  direction. 


YEAR,  1913. 

true  average  hourly  velocity,  1  1  6  miles 

Fig.  17. 

exceeding  7  ft.     In  these  extreme  cases  the  maximum  difference  lasts 

for  a  few  minutes  only,  as  the  tidal  curves  no  longer  maintain  their 

parallelism. 

The  difference  in  elevation  at  any  instant  is  the  hydraulic  head 

that  produces  the  velocity  of  the  current,  and  as  it  occurs  in  a  length 

of  canal  of  34  500  ft.  (the  distance  apart  of  the  automatic  tide  gauges), 
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the  resulting  mean  maximum  slope  is  0.000154.  It  is  interesting  to 
point  out  that  this  slope  is  nearly  four  times  as  steep  as  the  maximum 
slope  that  would  have  obtained  at  the  Panama  Canal  had  it  been  built 
at  sea  level,  taking  the  maximum  tidal  oscillation  at  Panama  at  22 
ft.,  only  one-half  of  which  would  have  been  above  or  below  mean 
sea  level,  and  neglecting  the  negligibly  small  tidal  difference  at  Colon. 
In  order  to  ascertain  the  action  of  the  wind,  a  recording  anemometer 
was  established  at  the  same  time  as  the  tide  gauges.  Monthly  wind 
roses  for  selected  typical  years  are  shown  in  Fig.  17,  which  are  self- 
explanatory.  Table  10  gives  a  record  of  winds  having  a  velocity  which 
exceeded  40  miles  per  hour  between  1908  and  1915,  inclusive.  The 
prevailing  winds  are  northeast  and  southwest;  they  blow  across  the 
canal,  and  produce  no  direct  effect. 

TABLE  10. — True  Wind  Velocities  of  More  than  40  Miles  per  Hour, 
FROM  1908  TO  December,  1915. 


Date. 


Jan.  24 
Dec.  26 
Jan.  14, 

Jan.  15 
Feb.  1 
Feb.  4 

Feb.  18 
Nov.  27 
Mar.  16, 

July  29 
Dec.  28 
Feb.  22 
Mar.  15 

Jan.  3 
Jan.  4. 
Mar.  24. 

Mar.  27. 
Jan.  12 
Jan.  13, 

Mar. 
Dec.  13 
Dec.  14, 

Nov.  5 
Dec.  13 


1908. 
1909. 
1910. 

1910. 
1910. 
1910. 

1910. 
1910. 
1911. 

1911. 
1911. 
1912. 
1912. 

1913. 
1913. 
1913. 

1913. 
1914. 
1914. 

1914. 
1914. 
1914. 

1915. 
1915. 


Time. 


11.00  A.  M.- 
3.30  A.  M.- 

6.15  p.  M. 

6.00  A.  M.- 

8.45  A.  M.- 
10.00  A.  M. 

1.30  a.  m. 
7.15  a.  m.- 
7.00  a.  m.- 

3.30  p.  M. 
1.15  p.  M. 
9.00  a.  m. 
8.30  p.  M. 

10.30  P.  M. 

10.45  p.  M. 

1.10  P.  M. 

7.45  A.  M. 
4.15  p.  M. 

1.00  A.   M.- 

3.45  p.  M. 
11.35  p.  M. 
12.00  M.     ■ 

8.05  p.  M. 
5.00  p.  M. 


-12.00  M. 

-  9.30  p.  M. 
-10.15  p.  M. 

-  4.30  p.  M. 

-  1.00  p.  M. 

-  3.00  p.  M. 

-  2.45  p.  M. 
-10.15  A.  M. 

-  9.30  a.  m. 

-  5.30  p.  M. 

-  2.15  P.  M. 

-  1.30  p.  M. 

-  9.30  p.  M. 

-10.45  P.  M. 

-  3.00  a.  m. 

-  3.00  p.  M. 

-  4.40  p.  M. 

-  5.25  p.  M. 

-  1.15  A.   M 

-  4.30  p.  M. 
-12.00  M. 

-  2.05  A.  M. 

-  8.30  P.  M. 

-  7.30  P.  M. 


C 

1. 

IB 

o  a 

a- 

am 

Is 

B 

S 

40 

1 

40.8 

40.0 

799 

18 

55.2 

44.4 

160 

4 

42.2 

40.0 

436 

10.5 

45.1 

41.5 

193 

4.25 

41.5 

40.8 

215 

o 

45.1 

43.0 

52 

1.25 

43.7 

41.5 

122 

3 

40.8 

40.8 

100 

2.5 

43.0 

40.0 

84 

2 

45.1 

42.2 

40 

1 

45.1 

40.0 

190 

4.5 

48.0 

42.2 

40 

1 

45.1 

40.0 

13 

0,25 

42.2 

43.2 

222 

4.25 

45.1 

40.0 

93 

1.83 

42.2 

41.3 

443 

8.9 

46.6 

40.5 

59 

1.16 

45.1 

41.5 

13 

0.25 

41.5 

41.5 

36 

0.75 

48.0 

47.3 

23 

0,5S 

40.8 

40.0 

85 

2.08 

42.2 

40.8 

17 

0.41 

40.8 

40.8 

113 

2.50 

50.0 

45.0 

N.  E. 
N.  W. 

N.  E. 

N. 
N.  W. 

N. 

N.  W. 
N.  W. 
W 

s.  w. 
w. 

s.  w. 
w. 

S.  E. 
S.  W. 

s.  w, 


s.  w. 
N.  w^ 

s.  e. 
s.  e. 

N.  E. 

N.  W. 
N.  E. 
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In  order  to  determine  whether  any  appreciable  difference  in  tidal 
conditions  was  produced  by  the  flow  of  water  through  the  canal,  the 
tidal  records  were  taken  for  four  calendar  months  prior  to  the  opening 
of  the  canal  and  during  the  same  months  after  the  opening.  An 
average  of  all  the  tides  in  this  period  is  given  in  Table  11. 

TABLE   11. — Elevations  op  Mean  High  and  Mean  Low  Water  at 
Both  Ends  of  the  Canal  Before  and  After  Opening  to  Flow. 


Buzzards  Bay. 


High  water. 


Low  water. 


Cape  Cod  Bay. 


Higb  water. 


Low  water. 


Before  opening. 
After  opening.. . 


102.17 

103.14 


98.26 
98.55 


104.. 56 

104.42 


95.54 
95.50 


It  will  be  seen  that  no  appreciable  influence  was  produced  on  the 
tidal  elevations  in  Cape  Cod  Bay,  nor  on  high-water  elevation  in 
Buzzards  Bay,  but  that  the  elevation  of  low  water  in  Buzzards  Bay 
was  raised  0.29  ft.,  or  about  3^  in.,  due  undoubtedly  to  the  inability 
of  the  water  to  discharge  itself  freely  in  the  shallow  depth  existing 
at  low  tide. 

In  order  to  ascertain  all  the  conditions  affecting,  or  produced  by, 
the  motion  of  water  in  the  canal,  an  elaborate  system  of  taking 
measurements  was  organized  after  the  excavation  had  been  completed 
so  as  to  give  free  flow. 

Observation  posts  were  established  at  Stations  45,  80,  125,  172,  225, 
275,  325,  375,  399+50,  and  410.  Station  45  is  where  the  canal  has  a 
bottom  width  of  200  ft.  At  Station  80  the  bottom  width  had  been 
reduced  to  the  normal  100  ft.,  the  narrowing  commencing  at  Station 
70,  Station  80  being  selected  for  observation  as  being  about  the  first 
or  last  place,  according  to  direction  of  current,  where  the  flow  was 
believed  to  be  normal  for  a  narrow  section.  Through  the  100-ft. 
section  the  observing  stations  were  at  about  5  000-ft.  intervals  to 
Station  399+50,  where  the  cross-section  is  increased  to  250  ft.  bottom 
width.  Station  410  is  the  end  of  the  canal.  At  all  these  stations,  tide 
boards  were  set  up,  and  their  elevations  were  carefully  checked. 

At  each  post  there  was  an  experienced  observer  with  two  assistants, 
and  the  observations  were  made  simultaneously  and  continuously  for 
nearlv  15  hours,  so  as  to  cover  fully  a  complete  tidal  cycle. 
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One  of  the  assistants  was  in  a  boat  supplied  with  floats,  of  which 
he  placed  one  in  the  center  of  the  canal  every  15  inin.  about  600  ft. 
above  (according  to  current)  the  observer.  The  second  assistant  was 
stationed  500  ft.  above  the  observer  sighting  across  the  canal  over 
marks  set  at  right  angles  to  the  line  of  the  canal.  The  accurately  placed 
canal  lights  served  well  for  such  purpose.  When  the  float  passed  the 
assistant  he  signaled  to  the  observer  who  recorded  the  time  of  passage, 
and  again  the  time  when  the  float  passed  similar  marks  at  the  observ- 
ing station.  These  times  by  reduction  gave  the  center  surface  velocities. 
At  15-min.  intervals  the  observer  also  recorded  the  elevation  of  the 
water,  as  shown  by  the  tide  boards,  and  noted  the  direction,  time  of 
stopping,  and  reversing  of  the  ciirrent,  action  of  the  wind,  passing 
of  boats,  and  other  circumstances  affecting  the  flow.  The  observers' 
watches  were  synchronized  by  the  engineer  in  charge.  To  eliminate 
errors  these  observations  were  repeated  on  July  26th  and  August 
26th,  1914,  being  selected  as  days  when  a  head  differential  greater 
than  the  mean  was  to  be  expected.  All  reductions  and  computations 
were  made  in  the  Chief  Engineer's  office  from  original  notebooks,  the 
observers  being  given  no  opportunity  to  check  their  recorded  observa- 
tions with  their  own  figures  or  those  of  adjacent  observers. 

To  permit  these  records  to  be  visualized,  they  have  been  plotted 
in  a  series  of  diagrams. 

The  first  of  the  series.  Fig.  18,  shows  the  simultaneous  elevations 
of  the  water  surface  as  taken  at  several  observation  stations.  By  con- 
necting the  elevations  at  the  same  time  points  by  straight  lines  be- 
tween observation  stations,  instantaneous  profiles  of  water  surface  are 
obtained.  These  lines  are  not  straight  from  one  end  of  the  canal 
to  the  other,  but  are  substantially  straight  only  for  those  portions  of 
the  canal  where  the  cross-section  is  uniform,  that  is,  between  Stations 
80  and  375,  where  the  canal  has  a  bottom  width  of  100  ft.  The  lines 
between  Stations  45  and  80  are  flatter  on  account  of  the  greatly  in- 
creased cross-section  of  the  canal.  The  slight  irregularities  occurring 
between  Stations  375  and  380  are  due  to  the  contraction  of  the 
Buzzards  Bay  Bridge. 

If  curves  are  drawn  osculatory  to  these  lines,  they  will  give  the 
elevations  of  high  water  and  low  water  at  all  points  through  the  canal. 
The  greater  the  number   of  simultaneous   water  profiles,   the  greater 
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will  be  the  number  of  points  given  on  the  curves,  but  the  more 
accurately  determined  loci  of  the  curves  will  not  vary  appreciably 
from  the  curves  as  drawn  on  Figs.  18  and  19.  These  curves  show  that 
the  elevations  of  high  and  low  water  are  not  on  straight  lines  between 
the  two  ends  of  the  canal,  as  the  surface  slopes  are,  but  lie  on  pro- 
nounced curves;  and  that,  for  substantial  portions  of  the  length  of 
the  canal,  tides  rise  neither  as  high  nor  fall  as  low  even  as  the  high 
and  low  minimmn  of  Buzzards  Bay.  This  result  was  not  anticipated, 
nor  was  it  suggested  by  any  writer  on  the  expected  tidal  results.  The 
differences  are  quite  material,  as  shown  by  Table  12,  which  gives  the 
actual  elevations  at  points  in  the  canal  and  computed  elevations  if 
the  high  and  low  water  were  on  straight  lines,  connecting  the  high 
and  low  points  at  Buzzards  Bay  and  Cape  Cod  Bay. 

TABLE  13. — Deviation  of  Actual  High-Water  and  Low-Water  Lines 
FROM  Straight  Lines  Connecting  the  Extreme  Elevations  at 
the  Two  Ends  of  the  Canal. 


Observations  of  July  26th,  1916. 


High  Water. 

Low  Water. 

Actual 

Elevation  of 

Difference, 

Actual 

Elevation 

of  straight 

line. 

Difference 

elevation. 

straight  line. 

in  feet. 

elevation. 

in  feet. 

35-t-OO 

104.80 

104.8 

93.87 

93.87 

45  —  00 

104.96 

104.77 

-f  0.19 

93.  W 

93.98 

+  0.11 

80  -  00 

104.60 

104.66 

—  0.06 

94.23 

94.40 

+  0.17 

125  —  00 

104.16 

104.52 

—  0.36 

94.70 

94.93 

+  0.23 

172  —  00 

103.50 

104.37 

-  0.87 

95.70 

95.48 

—  0.22 

225  —  00 

102.80 

104.20 

—  1.40 

96.90 

96.09 

—  0.81 

275  —  00 

102.33 

104.04 

-1.71 

97.60 

96.67 

—  0.93 

325  -  00 

102.75 

103.88 

-1.13 

98.16 

97.25 

—  0.91 

374  -  20 

103.25 

103.70 

-0.45 

98.21 

97.80 

-0.59 

380  -  00 

103.33 

103.67 

—  0.34 

98.16 

97.87 

—  0.29 

399  -f-  50 

103.66 

103.66 

98.00 

98.00 

Observations  of  August  26th, 

1916. 

35  +  00 

105.. 58 

105.58 

94.75 

94.75 

45  +  00 

105.62 

105.53 

+  0.09 

94.72 

94.84 

+  0.12 

80  +  00 

105.50 

105.. 30 

+  0.20 

94.50 

95.16 

+  0.66 

125  +  00 

104.80 

105.02 

—  0.22 

95.70 

95.59 

-0.11 

172  +  00 

104.13 

104.73 

—  0.60 

96.20 

96.05 

—  0.15 

225  +  00 

103.30 

104.46 

-1.16 

96.90 

96.45 

—  0.45 

275+  00 

102.50 

104.15 

-  1.65 

97.55 

96.94 

—  0.61 

325  +  00 

102.50 

103.85 

—  1.35 

98.30 

97.42 

-0.88 

.375  +  00 

103.04 

103.53 

—  0.49 

98.65 

97.90 

—  0.75 

380  +  00 

103.10 

103.50 

—  0.40 

98.60 

97.95 

—  0.65 

410  +  00 

103.30 

103.30 

98.21 

98.21 

Differences  are  marked  with  the  minus  sign  for  actual  elevations  falling  below 
the  straight  line  for  high  water,  and  for  elevations  falling  above  the  straight  line 
for  low  water. 
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Elevation  above  Datum . 


Elevation  above  Datum. 
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Elevation  above  Datum. 


8        2 
Elevation  above  Datura. 
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A  moment's  consideration  will  explain  this  curious  phenomenon: 
Tf,  in  an  open  channel,  there  is  tidal  action  at  one  end  only,  that  is, 
if  the  tidal  range  at  the  other  end  is  zero,  then  elevations  of  high 
and  low  water  at  intermediate  points  will  be  on  straight  lines  running 
from  mean  sea  level  at  one  end  to  high  or  low  level  at  the  other,  the 
elevations  being  proportional  to  the  distance.  If,  in  the  case  of  a 
comparatively  short  canal,  where  the  instantaneous  surface  curves  can 
be  considered  as  substantially  straight  lines,  there  is  tidal  action  at 
both  ends,  amplitude  and  phase  being  the  same,  then  high,  low,  and 
intermediate  elevations  through  the  canal  will  be  on  horizontal 
straight  lines;  but,  if  the  amplitude  is  the  same  and  the  phase  is 
opposite,  that  is,  if  the  tides  are  a  full  tide  apart,  then  the  elevations 
of  high  and  low  water  through  the  canal  would  still  be  on  straight 
lines,  but  broken  at  the  midway  point,  the  instantaneous  profiles 
oscillating  through  this  same  point.  In  this  case,  no  matter  how  great 
the  rise  and  fall  at  the  ends,  there  would  be  no  tidal  rise  or  fall  at 
the  center.  When  the  amplitude  and  phase  of  the  tides  differ,  the 
connecting  lines  become  curved,  as  in  the  present  case.  This  question 
of  tidal  elevations  in  the  canal  must  not  be  confused  with  either 
the  velocity  or  the  instantaneous  slope  of  the  water. 

In  Fig.  18  the  curves  of  high  and  low  water  are  not  symmetrical, 
which  at  first  thought  appears  should  be  the  case.  The  lack  of  symmetry 
is  due  to  the  incompleteness  of  the  lower  branch  of  the  Buzzards 
Bay  tide  curve.  If  the  tide  fell  below  mean  sea  level  as  much  as  it 
rises  above,  the  apex  of  the  low-water  curve  would  be  advanced  so  as 
to  lie  beneath  the  apex  of  the  high-water  curve. 

The  elevation  and  location  of  the  apices  of  the  high-  and  low-water 
curves  are  functions  of  the  phase  difference  and  relative  magnitudes 
of  the  terminal  tides. 

The  line  of  elevations  of  low  water  is  of  great  practical  importance 
in  construction.  In  order  to  give  a  uniform  depth  of  water  at  low 
tide,  it  is  not  necessary  to  give  a  uniform  slope  to  the  bottom.  The 
line  of  low- water  elevations  should  be  determined,  which  can  easily 
be  predicated  from  tidal  records  at  the  ends,  and  the  excavation  be 
made  parallel  thereto.  An  inspection  of  the  figures  in  Table  12 
indicates  the  variation  from  computed  straight-line  or  uniform-slope 
elevations,  and  the  corresponding  saving  in  unnecessary  excavation  can 
be  estimated. 
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The  current  velocities  ascertained  by  the  observations  were  the 
velocities  on  the  surface  at  the  center  of  the  canal,  and  no  other 
method  of  measuring  velocities  was  practicable,  in  view  of  the  required 
great  frequency  of  the  observations  at  so  many  stations,  subject  as 
they  were  to  interruption  by  passing  vessels.  In  order  to  harmonize 
the  observations  with  flow  formulas  which  depend  on  and  give  mean 
velocity,  it  was  necessary  to  ascertain  the  relation  existing  between 
the  center  surface  velocity  and  the  mean  velocity  of  the  whole  cross- 
section,  as  it  actually  existed  in  a  channel  of  these  dimensions  and 
with  frictional  resistance  produced  by  the  material  forming  the  sides 
and  bottom. 

The  method  adopted  to  determine  the  mean  velocity  and  its  ratio 
to  the  center  surface  velocity  was  that  recommended  by  the  U.  S. 
Coast  and  Geodetic  Survey  Bureau.  A  point  in  the  canal.  Station  225, 
was  selected  where,  for  a  considerable  distance  in  both  directions,  the 
alignment  was  a  tangent  and  the  cross-sections  of  the  canal  were  sub- 
stantially uniform.  The  various  threads  of  flow,  therefore,  were 
straight,  parallel,  and  practically  undisturbed  by  local  eddies. 

A  wire  was  stretched  across  the  canal,  clear  of  the  water,  and  on 
it  were  fastened  tags  at  intervals  of  10  ft.  A  boat,  with  the  measuring 
crew,  was  held  at  each  tag  by  an  anchor  while  velocity  readings  were 
made,  beginning  at  the  surface  and  then  downward  at  intervals  of  2  ft. 
Measurements  were  thus  made  on  a  spacing  of  10  ft.  horizontally 
and  2  ft.  vertically  from  shore  to  shore  and  from  surface  to  bottom. 

The  gauging  was  done  with  a  Gurley-Price  current  meter,  which 
had  been  accurately  rated  by  the  manufacturers  immediately  prior 
to  use.  The  revolutions  of  the  meter  were  counted  for  30  sec,  and 
the  recording  of  the  velocities  in  each  full  vertical  took  from  10  to 
20  min.  each.  In  addition  to  recording  the  readings  of  the  meter, 
all  attending  circumstances  were  noted,  such  as  the  elevation  of 
the  water,  direction  and  strength  of  the  wind,  passing  of  vessels,  etc., 
and  float  velocity  determinations  were  made  as  a  check  on  the  meter 
and  the  work,  and  especially  to  record  the  variations  in  the  surface 
velocity  during  the  measurements. 

The  gauging  was  begun  on  the  center  line  on  July  10th,  1915, 
at  9.35  A.  M.  and  proceeded  toward  the  north  bank,  the  vertical,  90 
north,  being  measured  at  11.51  a.  m.,  when  the  elevation  of  the  water 
surface  had  fallen  from  101.7  to  100.5.     Beginning  again  at  vertical, 
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10  south,  at  11.56  a.  m.,  vertical,  90  south,  was  finished  at  1.43  P.  M., 
when  the  water  surface  stood  at  Elevation  99.6.  During  the  latter 
half  of  the  work  the  current  had  slackened  considerably,  so  that  the 
readings  in  the  south  half  of  the  canal  section  were  much  lower  than 
at  corresponding  points  in  the  north  half.  In  order  to  correct  this 
discrepancy,  readings  in  the  south  half  were  repeated  4  days  later 
when  local  conditions  of  tide,  current,  and  wind  were  comparably 
similar  to  those  prevailing  on  the  first  occasion. 

In  spite  of  this  repetition,  which  eliminated  excessive  variation 
in  current  condition,  there  naturally  were  minor  variations,  as  devel- 
oped over  a  period  of  more  than  2  hours.  These  were  compensated 
by  reducing  all  observations  to  maximum  center  velocity  by  mul- 
tiplying current-meter  readings  in  each  vertical  by  the  ratio  of  maxi- 
mum float  velocity  to  the  float  velocity  observed  during  the  reading 
at  such  vertical,  the  float  observations  being  repeated  when  the  meter 
readings  on  each  vertical  were  made. 

For  example,  the  maximum  center  velocity  occurred  when  the 
current-meter  readings  were  taken  on  the  vertical,  30  north,  and 
amounted  to  2.96  knots.  When  the  readings  were  made  on  the  ver- 
tical, 60  north,  the  center  surface  velocity  was  2.55  knots,  and  there- 
fore all  readings  in  this  vertical  were  multiplied  by  the  ratio,  —^ —  =  I.IC 

z .  .jo 

in  order  to  bring  them  to  a  parity  with  those  in  the  vertical,  20,  which 
were  the  maximum  and  standard. 

The  velocities,  in  knots,  at  points  in  the  cross-section  at  horizontal 
intervals  of  10  ft.  and  vertical  intervals  of  2  ft.  and  reduced  to  a 
common  basis,  are  platted  on  Fig.  20.  An  average  of  these  figures  gives 
the  mean  velocity  of  the  whole  cross-section  as  78%  of  the  maximum 
surface  velocity.* 

In  order  that  these  observations  should  have  all  personal  bias 
eliminated,  and,  so  far  as  possible,  receive  official  recognition,  sug- 
gestions as  to  the  method  of  obtaining  the  data  accurately  were  invited 
from  the  U.  S.  Coast  and  Geodetic  Survey  Bureau,  and  that  Bureau 
kindly  delegated  a  representative.  Homer  P.  Bitter,  M.  Am.  Soc.  C.  E., 
to  supervise  the  taking  of  some  of  the  measuremen'cs,  to  see  that  they 
were  properly  made,  and  some  measurements  were  repeated  in  order 

•  H.  de  B.  Parsons,  M,  Am.  Soc.  C.  E.,  in  "Tidal  Phenomena  in  New  York  Harbor," 
Transactions,  Am.  Soc.  C.  E.,  Vol.  LXXVI,  p.  2032,  says  :  "The  mean  sectional  velocity 
is  about  0.75  times  the  velocity  at  the  surface." 
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to  check  the  accuracy  of  those  previously  recorded.     The  Engineer  of 
the  Harbor  and  Land  Commission  of  Massachusetts  did  likewise. 

An  inspection  of  Fig.  20  shows  that  the  maximum  velocity,  as  in 
other  streams,  is  not  at  the  surface,  but  at  a  considerable  distance 
below  it,  and  that  the  velocity  increases  from  that  at  the  surface 
to  the  maximum  and  then  decreases  with  further  increase  in  depth. 
The  measured  velocities  in  the 
seven  central  verticals,  30  south 
to  30  north,  both  inclusive,  in 
which  the  velocities  are  the 
maximum,  and  which  are  the 
least  affected  by  side  resistance 
and  eddies,  have  been  averaged   ^ 

=  12 

and  platted  in  the  solid  line  on    -^ 
Fig.  21.  I 

.  .  .    >16 

An  analytical  expression  of   = 
the  change  in  vertical  velocity  in  | 
a  stream  is  given  by  the  para-  " 
bolic  formula  proposed  by  Capt. 
Humphreys   and   Lieut.    Abbot, 
Topographical  Engineers,  U.  S. 
A.,   in  their  memorable  classic 
"The  Hydraulics  of  the  Missis- 
sippi River"  in  1861 : 

^d  —  f?!^ 


V  =  V 


di 


1     /"  —  «i\ 


1.0         1.5        2.0         2.5 

Velocities,  la  Knots. 


Pig.  21. 

where     V     =  velocity  at  a  point  in  the  vertical  the  depth  of  which 
below  the  surface  is  denoted  by  d; 
F^^  =  maximum  velocity  in  the  vertical ; 
V      =  mean  velocity  of  the  whole  cross-section ; 
D     =  depth  of  vertical ; 
d^    =  depth  of  the  point  of  maximum  velocity  in  the  vertical 

below  the   surface; 
d     =  depth  of  any  point  in  the  vertical  below  the  surface ; 
constant 


the  value  of  which  for  the  section  of  the 


Vl>  +  l.o' 
canal  under  consideration  was  found  to  be  2.93. 
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The  curve  given  by  this  formula  is  shown  by  the  dotted  line  on 
Fig.  22,  its  point  of  origin  at  the  surface  being  taken  coincident  with 
the  measured  surface  velocity.  The  measured  vertical  velocity  line 
is,  as  was  to  be  expected,  a  broken  and  not  a  regular  curve,  but  it 
corresponds  with  astonishing  closeness  with  the  theoretical  parabola, 
so  closely  that  the  latter  is  a  fair  average  of  the  former,  as  it  should 
be.  The  depth  of  maximum  velocity  is  0.313  D.  The  depth  to  the 
point  on  the  parabola  where  the  velocity  is  the  same  as  the  mean 
velocity  is  0.675  D.  In  round  numbers,  the  maximum  velocity  occurs 
at  one-third,  and  the  mean  velocity  at  two-thirds,  of  the  depth.  The 
average  maximum  velocity  is  1.066  times  the  maximum  surface 
velocity,  and  therefore  the  mean  velocity,  being  0.78  of  the  maximum 
surface  velocity,  is  0.73  of  the  maximum  velocity. 


11      Noon  1  P.M.    2 
Time 
Fig.  22. 

The  plotting  of  the  velocity  observations  gave  curves  which  were 
not  smooth  but  broken.  These  breaks  in  alignment  were  due  to  the 
inevitable  variations  in  contiguous  observations  and  to  the  fact  that 
water  in  a  large  channel  does  not  flow  with  absolute  uniformity  but 
in  pulsations  developed  from  many  causes,  such  as  the  roughness  of 
the  bottom  and  sides,  producing  eddies;  the  local  action  of  wind, 
and  the  passing  of  boats  setting  up  waves  that  are  felt  at  considerable 
distances.  These  irregularities  were  disregarded,  and  a  smooth  curve 
in  each  case  was  plotted,  which  was  the  average  of  the  observations. 
As  a  matter  of  interest,  Fig.  22  shows  the  actual  observations  as  made 
at  Section  172  (a  fair  example)  and  the  smooth  curve  which  was 
taken  as  the  basis  for  computation. 
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Figs.  23  to  27  show  the  smooth  curves  at  each  of  the  observation 
stations,  the  right-hand  scale  referring  to  center  surface  velocities, 
the  left-hand  scale  to  the  velocities  reduced  to  mean  velocity  for  the 
whole  section  by  multiplying  the  observed  surface  velocities  by  0.78, 
the  ascertained  coefficient.     The  abscissas  of  these  curves  represent 


Q   5  A.M 


U     Noon  1  P.M.     2 
Time 


Fig.   23. 

the  time,  and  the  velocities,  in  knots*  per  hour,  are  plotted  as  ordinates, 
above  the  axis  for  easterly  and  below  for  westerly  current.  Where 
the  direction  of  the  ciirrent  is  referred  to  as  easterly  or  westerly,  it  is 
to  be  understood  as  being  toward  the  east  or  west;  that  is,  from 
Buzzards  Bay   to   Cape   Cod   Bay   or   the   reverse,   respectively.      The 

*1  knot  =  1  nautical  mile  (6  080  ft.),  per  hour,  =  1  knot  per  hour  =  1.69  ft.  per  sec. 
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observations  on  both  occasions  (July  26th  and  August  26th)  are  shown 
with   evident  closeness   in   results. 

To  show  the  relation  existing  between  velocity  and  "head",  curves 
are  plotted  at  the  bottom  of  each  figure  showing  the  measured  dif- 
ferences in  water  elevations  at  the  two  ends  of  the  canal,  also  plotted 
as  ordinates  to  the  time  abscissas. 


The  striking  and  important  characteristic  features  of  these  curves 


1. — They  closely  resemble  each  other  as  to  maxima  and  shape, 
thus  providing  a  check  on  the  accuracy  of  the  observers.  The  varia- 
tion in  maximum  readings,  except  for  Stations  45,  375,  399-1-50,  and 
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410,  where  the  canal  cross-section  is  greatly  increased,  and  at  Station 
80  on  the  easterly  and  Station  375  on  the  westerly  current,  to  be 
referred  to  later,  are  readily  accounted  for  by  slight  variations  in  local 
conditions. 


10       U  Noon  1P,M.  2 
Time 


7  8  P.M. 


Fig.  25. 
2. — The  form  of  the  curve  approximates  that  of  a  sine  curve,  that 
is,  the  rate  of  change  of  the  absolute  value  of  the  velocities  is  zero 
at  the  maximum  in  both  directions  of  flow,  and  increases  gradually 
toward  zero  velocities.  The  change  of  sign  takes  place  very  rapidly 
at  the  reversal  of  the  current.  At  maxima  velocities  the  character  of 
flow  approximates  that  of  uniform  motion. 
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3. — Maximum  and  zero  velocities  occur  at  very  nearly  the  same 
instants  throughout  the  whole  length  of  the  canal.  These  last  two 
features  indicate  that,  for  the  special  case  of  the  Cape  Cod  Canal, 
good  approximate  values  for  maxima  velocities  can  be  derived  by  apply- 
ing formulas  pertaining  to  uniform — or  at  least  permanent — flow  in 
channels. 


11  Noon  IP.M. 
Time 

Fig.  26. 


4. — The  descending  branches  of  the  velocity  curves  have  a  somewhat 
greater  inclination  than  that  of  the  ascending  branches. 

5. — The  duration  of  the  easterly  current  is  sensibly  longer  than 
that  of  the  westerly  current. 


THE   CAPE   COD   CANAL 


97 


The  diagram  of  elevation  differences  shows  that  though,  for  some 
local  cause,  the  maximum  head  was  considerably  lower  for  westerly 
than  for  easterly  currents  during  the  observations  on  July  26th,  on 
August  26th  the  maxima  heads  in  opposite  directions  were  almost 
equal.  Therefore,  for  the  theoretical  analysis  of  the  problem,  the 
data  furnished  by  the  observations  on  the  latter  date  have  been  selected. 


n   Noon  IP.iM.  2 
Time 

Pig.  27. 
The  average  velocities  in  the  canal  are  closely  related  to  each 
other  as  the  square  roots  of  the  actuating  heads,  and,  therefore,  follow 
the  law  of  falling  bodies,  accordini;  to  the  basic  formula,  V  —  \/  2  g  h, 
which  is  the  foundation  of  all  hydraulic  formulas.  That  the  increase 
in  velocity  will  be  only  as  the  square  root  of  the  actuating  head,  and 
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not  as  the  full  head,  was  a  fact  overlooked  by  many  in  considering 
the  possibility  of  opening  a  canal  at  sea  level  without  locks.  Although 
admitting  the  possibility  of  success  for  the  Gape  Cod  Canal  at  heads 
of  5  ft.,  some  people  had  serious  doubts  as  to  what  would  happen  at 
times  of  great  storms  piling  up  the  water  at  one  end  and  depressing  it 
at  the  other,  their  feavs  extending  even  to  the  complete  destruction  of 
the  canal  by  excessive  erosion  of  the  banks.  Experience  has  shown 
that,  even  on  extraordinary  tides,  when  the  head  has  reached  a  maxi- 
mum of  9  ft.,  the  current,  though  swift,  is  neither  destructive  nor  pro- 
hibitory to  navigation.  At  the  time  of  the  occurrence  of  the  observed 
maximum  head  during  the  great  storm  of  January,  1915,  when  the 
water  surface  at  the  east  end  was  9.5  ft.  higher  than  that  at  the  west 
end,  the  central  surface  velocity  was  measured  as  4  knots,  cor- 
responding to  a  mean  velocity  of  3.12  knots,  which  is  in  line  with 
the  increase  as  the  square  root  of  the  head.  Therefore,  to  determine 
the  mean  velocity  in  the  Cape  Cod  Canal  at  any  head,  it  is  only  neces- 
sary to  know  the  velocity  at  a  given  head  and  to  multiply  that  by  the 
ratio  of  the  square  roots  of  the  head  at  which  the  velocity  is  sought 
and  that  which  is  given.  Thus,  the  mean  velocity  at  5  ft.  of  head  is 
2.36  knots.     The  mean  velocity  at  any  other  head  is 

_   2.36  \/li 
V    5 

It  has  been  pointed  out,  as  will  be  seen  from  an  inspection  of  the 
diagrams,  that  the  head  remains  nearly  constant  for  considerable 
lengths  of  time,  the  actual  head  on  a  typical  mean  tide  during  a  tidal 
cycle  being  as  given  in  Table  13. 

The  mean  velocities  corresponding  to  the  heads  given  in  Table  13, 
taking  the  average  of  the  observations  on  both  days,  are  given  in 
Table  14. 

Another  feature  of  interest  is  the  following:  Although  the  velocity 
diagrams  for  Stations  172,  225,  275,  and  325  show  practically  equal 
maxima  in  both  directions,  as  is  to  be  expected  from  equal  tidal  differ- 
ences, the  readings  at  the  terminal  stations  (80  and  399 -f- 50)  on  July 
26th  or  at  Station  410  on  August  26th,  show  considerable  discrepancy 
between  maxima.  Station  80  is  at  the  east  end  of  the  canal  proper, 
close  to  the  point  where  it  is  doubled  in  bottom  width ;  Stations  399  -(-  50 
and    410,    also    possessing    a    greater    area    of    cross-section    than    the 
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TABLE  13. — Tidal  Differences  on  August  26th,  1916. 


Time,  in  hours 

Head,  in  feet. 

Mean  velocity  in  canal, 

aud  minutes. 

in  knots. 

5.00  A    M. 

3.7.5 

r  2.03 

5.15 

4..S5 

2.21 

5.30 

4.75 

2.35 

5.45 

5.17 

2.48 

6.00 

•d 

5.50 

2.57 

6.15 

a 

5.83 

3.64 

6.30 

® 

5.87 

^ 

3.70 

6.45 

.T.89 

fl 

3.72 

7.00 

5.72 

t 

2.72 

7.15 

I 

5.58 

3 

2.71 

7.30 

5.42 

i^ 

2.68 

7.45 

5.10 

3.63 

8.00 

CS 

4.70 

2.55 

8.15 

■d 

4.43 

w 

2.45 

8.30 

S 

4.08 

a 

3.33 

8.45 

K 

3.46 

^ 

2.19 

9.00 

2.83 

2.02 

9.15 

3.15 

1.83 

9.30 

1.43 
.  0.36 

1..^8 

9.45 

1.27 

10.00 

f  0.12 
0.92 

0.89 

10.15 

L  0.41 

10.30 

1.67 

"  0.24 
0.87 

10.45 

3.43 

U.OO 

3.13 

1.39 

11.15 

3.96 

1.76 

11.30 

'd 

4.58 

2.02 

11.45 

a 

5.17 

2.21 

Noon 

5.58 

2.34 

12.15  p.  M 

5.83 

a 

2.48 

]2.30 

a> 

5.96 

3.49 

12.45 

to 
4)     ' 

5.92 

i^ 

3.51 

1.00 

5.83 

u 

2.51 

1.15 

cS 

5.66 

>>' 

2.47 

1.30 

5.42 

2.42 

1.45 

c3 

5.08 

© 

2.34 

2.00 

4.58 

4) 

2.23 

2.15 

4.13 

^ 

2.11 

2.30 

3.50 

1.95 

2.45 

2.83 

1.76 

3.00 

2.21 

1.56 

3.15 

1.66 

1.32 

3.30 

1.00 

1.05 

3.45 

^0.25 

0.76 
^  0.41 

4.00 

^  0.42 

4.15 

1.00 

^ 

r  0.02 

4.30 

1.62 

a 

0.55 

4.45 

■a 

2.33 

u 

1.08 

5.00 

01 

2.92 

s 

1.47 

5.15 

>. 

3.42 

o 

1.74 

5.30 

"E 

3.92 

^  " 

1.97 

5.45 

"i 

4.yo 

T, 
0 

2.14 

6.00 

i)    - 

4..fi8 

V) 

2.27 

6.15 

^ 

4.95 

2.36 
L  2.43 

6.30 

^ 

5.25 

6.45 

•a 

5.43 

7.00 

03 

5.42 

7.15 

5.43 

7.30 

5.30 

7.45 

5.00 

8.00 

4.75 

normal  canal  section,  are  at  the  point  where  the  canal  debouches  into 
Buzzards  Bay.  When  the  current  was  flowing  east,  the  maximum 
center  surface  velocity  on  August  26th  at  Station  80  was  3.8  knots, 
as  compared  with  2.8  knots  when  the  current  was  flowing  west;  whereas. 
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TABLE   14. 


Head,  in  feet. 

Observed  mean  velocity 
in  canal,  In  knots. 

Mean  velocity  by  formula, 

3.36  X  -r—  knots. 
^J  5 

3 

3^2 

1.69 
1.93 

1.83 
1.98 

4 

4% 

2.03 
8.20 

2.12 
2.24 

5 
51/2 

2.36 

2.50 

2.36 

2.48 

6 

2.a2 

2.60 

i;  20 
0 

120 

100 

80 

S  60 

n 

3    20 

<u 
<y 

!r,    0 


Sta. 

80 

^.. 

.^^ 

-■^ 

-^ 

_^ 

"^ 

\ 
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k 

Sta. 

225 

\ 

\ 

/ 

.^ 

/ 

\ 

\ 

\ 

SURFACE  VELOCITIES 

EXPRESSED  IN  PERCENTAGES  OP 
MEAN  VELOCITY  OF  THE  CR0SS-SECT10^ 

at  Station  225,  on  the  same  date,  the  maximum  center  surface  velocity 
was  3.7  knots  in  each  direction.  At  the  west  end  of  the  canal  at  Station 
410  the  maxinnun  center  velocity  on  the  east-bound  current  was  less 
than  2  knots  and  slightly  more  than  3  knots  on  the  west-bound  current. 
That  is  to  say,  in  both  cases  when  the  current  was  flowing  from 
a  narrow  to  a  broader  cross-  leo 
section,     the     center     surface  .^'iio 

velocity  was  increased;  and  it  "3 120 

> 

was   decreased   when   the   flow  pioo 
was  in  the  opposite  direction,  .2  «o 

o 

or    from    broad    to    narrower,  g  60 

ri 

As  the  volume  of  water  pass-  g  *^ 
ing    Station    80    is    the    same 
as  in  any  other  normal  canal  ^ 
cross-section,  though  the  cen-  | 
ter  velocity  is  quite  different,  ^ 
it  must  be  that  the  same  rela-  ^ 
tion    between    center    surface  o 
velocity     and     mean     velocity 
does  not  exist. 

To  prove  this  assumption,  ^ 
current-meter  measurements 
were  made  at  Stations  75  and  85,  and  the  average  of  these  showed  that 
the  mean  velocity  of  the  cross-section  at  Station  80  is  only  about  68%, 
instead  of  78%,  of  the  center  surface  velocity  when  the  current  is  flow- 
ing in  an  easterly  direction.  In  Fig.  28  the  velocities  on  the  surface  and 
near  the  bottom  of  the  canal  are  plotted,  expressed  in  percentages  of  the 
mean  velocity  for  the  whole  cross-section  for  Stations  80  and  225,  for 


25  s.       C.L. 


25  N.      50  N. 


/ 

Sta. 

225 

^ 

'       ' 

\ 

/ 

-Stc 

.  80 

"'- 

--.;. 



^ 

s'"- 

y 

\ 

N 

MEAN  BOTTOM  VELOCITIES 

MEAN 

VEL 

DCIT>1 

OF! 

PHEC 

ROSS 

-SEC 

TI0^ 

25  S.         C.L. 
Fig.   28. 


THE   CAPE   COD   CANAL  101 

comparison.  This  diagram  shows  that  though  the  surface  velocities 
at  Station  80  are  measurably  greater  than  those  at  Station  225,  the 
velocities  near  the  bottom  are  in  the  inverse  ratio.  No  measurements 
were  made  on  the  westerly  flow,  but  undoubtedly  the  opposite  condi- 
tions exist;  that  is,  there  is  a  higher  proportionate  bottom  and  side 
velocity  to  balance  the  known  lower  surface  velocity,  so  that  the  mean 
cross-sectional  velocity  would  have  a  higher  ratio  to  the  center  sur- 
face velocity  than  the  normal  figure  of  0.78,  as  that  on  the  easterly  flow 
is  lower,  the  ratio  being  about  0.85  to  0.88.  As  this  phenomenon  is 
repeated  at  both  ends  of  the  canal,  it  is  evidently  not  a  matter  of 
chance,  and  an  explanation  is  offered  that,  when  the  current  is  from 
a  narrow  to  a  broad  section,  there  is  a  contraction  similar  in  character 
to  that  which  occurs  when  a  jet  issues  from  an  orifice;  but  when  the 
current  is  from  broad  to  narrow  the  diverted  threads  of  flow  at  the 
sides,  which  find  no  place  in  the  narrow  section,  if  continued  in 
straight  lines,  are  pushed  toward  the  center,  and  increase  the  velocity 
of  flow  at  the  sides,  thus  automatically  reducing  the  velocity  of  the 
surface  center  flow,  as  the  volume  of  water  passing  the  section  in  a 
given  interval  of  time  is  the  same;  and  if  the  velocity  at  any  part 
of  the  cross-section  is  increased,  a  compensative  reduction  must  take 
place  at  some  other  point. 

In  a  canal,  therefore,  the  transition  to  increased  cross-section 
should  be  made  very  gradually.  In  the  canal  in  question  a  length  of 
500  ft.  was  given  to  a  gradual  widening,  but  this  is  seen  to  be  insuffi- 
cient to  eliminate  all  variations  in  flow. 

A  phenomenon  of  much  interest,  as  shown  by  these  diagrams,  is 
that  the  time  of  neither  maximum  current  nor  zero  current  coincides 
with  the  time  of  maximum  tidal  difference  or  of  simultaneous  equal 
end  elevation. 

Averaging  the  times  of  maximum  and  zero  currents  at  Stations 
80  to  375,  both  inclusive,  so  as  to  eliminate  local  variations  in  observa- 
tions, the  lag  in  time  for  the  foregoing  current  conditions  is : 

Maximum  easterly  current  behind  Buzzards  Bay  high.  .0.31  hour. 
Miiximum  westerly  current  behind  Cape  Cod  Bay  high.  .0.21       " 
Zero  velocity  current  behind  equal  elevation,  Buzzards 

Bay  tide  falling  0.51       " 

Zero  velocity  current  behind  equal  elevation,  Cape  Cod 

Bay  tide  falling  0.44      " 
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By  "Buzzards  Bay  tide  falling"  or  "Cape  Cod  Bay  tide  falling"  is 
meant  that  the  tide  at  the  end  named  is  ebbing,  and  what  had  been 
superelevation  at  that  end  immediately  prior  to  the  moment  of  equal 
end  elevation  is  about  to  be  reversed. 

It  will  be  noted  that  the  lag  of  zero  velocity  in  both  cases  is  greater 
than  the  lag  of  maximum  velocity,  and  that  the  lag  of  the  maximum 
or  minimum  (=  0)  state  of  the  current  when  governed  by  Cape  Cod 
tidal  influence  is  greater  than  when  governed  by  Buzzards  Bay  tidal 
influence.  An  examination  of  the  current  diagrams  shows  in  all  cases 
a  steeper  inclination  to  the  descending  than  to  the  ascending  part 
of  the  curve,  which  accounts  for  the  difference  in  lag. 

A  singular  outcome  of  this  phenomenon  is  that,  with  equal  end 
elevations  following  Buzzards  Bay  falling  tide,  there  is  a  current  with 
an  average  mean  velocity  of  more  than  1  knot  per  hour,  although  at 
that  instant  there  is  no  head  to  produce  it.  When  the  current  velocity 
is  zero  (or  slack  water),  there  is  a  difference  in  head  in  Cape  Cod  Bay 
over  Buzzards  Bay  of  1.5  ft.  Between  those  limits  of  time  (30  min.) 
the  water  in  the  canal  is  actually  running  up  hill,  from  a  maximum 
current  of  1.1  knots  when  the  slope  is  level  to  a  current  of  zero  velocity 
when  the  adverse  head  is  1.5  ft.  On  the  other  tide,  when  the  end  eleva- 
tions are  equal,  the  mean  current  velocity  is  0.74  knot,  and  when  the 
velocity  is  zero  the  adverse  head,  opposite  to  what  has  been  producing 
flow  immediately  previous,  is  1.0  ft. 

The  explanation  of  these  phenomena  of  lag  lies  in  the  dynamic 
properties  of  moving  liquids.  A  time  interval  is  required  to  develop 
full  momentum  imparted  by  an  extraneous  force,  in  this  case  the  full 
momentum  not  being  reached  until  after  its  creating  force  has  passed 
the  apex  of  its  energy.  In  like  manner,  momentum  when  once  set  up 
continues  unaided  until  absorbed  by  friction  or  checked  by  a  new  and 
opposing  force.  The  case  of  an  inflowing  tide  in  a  narrow  estuary 
being  stopped  by  a  dam  or  lock  and  producing  at  that  point  a  higher 
elevation  to  high  tide  and  a  lower  one  to  low  tide  than  the  normal  is 
well  known.  In  the  Cape  Cod  Canal  there  is  no  such  abrupt  stop,  but 
there  is  seen  a  very  beautiful  illustration  of  the  balancing  and  oscil- 
lating action  of  two  waves  in  their  alternate  development  and  arrest- 
ing of  motion.  The  rising  tide  at  one  end,  when  its  elevation  exceeds 
the  tide  at  the  other,  produces  a  force  in  opposed  head  to  overcome 
the  momentum  imparted  by  the  previous  "head"  at  the  other  end,  and 
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then  it  in  turn  establishes  a  return  flow.  It  will  be  noted  that,  when 
the  velocity  at  0  ft.  differential  of  elevation  is  1.1  knots,  an  increasing 
head  to  a  maximum  of  1.5  ft.  is  necessary  to  check  it,  and,  when  it  has 
the  opposite  direction  of  velocity  of  0.74  knot,  a  head  of  1.0  ft.  suffices. 
On  account  of  this  lag,  the  diagrams  must  be  read  with  care  to  deter- 
mine the  velocity  corresponding  to  any  given  head.  A  direct  projec- 
tion from  the  "head"  to  the  "velocity"  curve  will  not  give  the  accurate 
rate;  allowance  must  be  made  for  lag.  The  harmonic  analysis  of  this 
and  other  features  of  the  problem  is  presented  in  the  mathematical 
consideration. 

A  further  peculiarity  of  the  motion  of  the  water  in  the  Cape  Cod 
Canal  is  revealed  by  inspecting  Fig.  19,  which  represents  the  instan- 
taneous surface  curves  of  the  canal  for  August  26th,  1915.  It  will  be 
noted  that  at  Station  172  the  inclination  of  the  surface  had  exactly 
the  same  value  at  noon  (westerly  current)  as  at  6.00  P.  M.  (easterly 
current),  but  the  elevations  of  the  water  were  104.13  and  96.30, 
respectively,  the  hydraulic  radius  being  22.25  ft.  at  noon  and  17.95 
ft.  at  6.00  P.  M.  From  the  principles  of  hydraulics,  therefore,  the 
velocity  of  the  flow  at  noon  should  have  been  about  16%  greater  than 

at  6.00  P.  M.  (  —  =     — ^      =  1.16  )  .     However,  referring  to  the 

corresponding  velocity  diagram,  it  will  be  found  that  the  velocities  were 
almost  exactly  the  same  at  these  two  time  points.  A  similar  result  is 
obtained  for  Station  225,  comparing  observations  at  7.00  a.  m.  and 
1.00  P.  M.  This  fact  indicates  that  a  change  of  the  hydraulic  radius, 
resulting  solely  from  the  tidal  variations  of  the  depth,  has  only  a  slight 
influence  on  the  velocities,  and  that  the  flow  in  tidal  streams  similar  to 
the  Cape  Cod  Canal  obeys  different  laws  than  those  governing  the  uni- 
form motion  of  water  in  canals. 

Another  unique  feature,  the  discussion  of  which  is  made  possible  by 
the  measurements  of  water  elevations  at  the  Cape  Cod  Canal,  is  the  very 
complicated  method  of  the  wave  propagation  therein.  In  a  canal  sub- 
jected to  tidal  influences  at  one  end  only,  the  propagation  of  the  wave 
is  at  a  nearly  constant  rate,  and  its  velocity  can  be  expressed  approxi- 
mately by  10  =  s/  g  H.  (This  formula  will  be  discussed  later  in  the 
mathematical  part  of  the  paper.)     Measurements  in  the  Suez   Canal 
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showed  a  very  close  agreement  between  the  computed  and  observed 
values  of  the  velocity  of  wave  propagation. 

At  the  Cape  Cod  Canal  the  conditions  are  entirely  different,  the 
value  of  the  velocity  of  wave  propagation  being  a  function  of  the  time 
interval  between  the  high-water  points  of  the  two  ends  and  also  of  the 
relative  magnitude  of  the  amplitudes  of  the  two  tides.  It  is  evident 
that  high  water  along  the  canal  at  the  consecutive  stations  will  be 
reached  in  the  time  interval  between  the  high  waters  at  Buzzards  Bay 
and  Cape  Cod  Bay.  On  August  26th  this  time  interval  was  about  3 
hours  20  min.,  high  water  at  Station  410  occurring  at  8.45  a.  m.  and 
at  Station  35  at  12.05  p.  m.  The  corresponding  average  velocity  is 
3.12   ft.   per   sec,  or  only   about  one-tenth  of  that  furnished  by   the 

formula. 

WAVE  PROPAGATION 
Observations  of  Auerust  '26fli,  1915. 


Fig.   29. 

An  inspection  of  Figs.  29  and  30,  which  show  the  time  occurrence 
of  high  and  low  water  and  also  of  slack  water  along  the  canal,  plotted 
as  ordinates  to  the  station  abscissas,  reveals  the  fact  that  the  true 
propagation  of  the  compound  wave  which  results  from  the  combination 
of  the  two  tidal  motions  is  very  different  from  this  average  value.  The 
propagation  is  very  swift  and  sometimes  almost  instantaneous  for  the 
reaches  near  the  ends  of  the  canal,  nnd  it  becomes  very  slow  for  about 
two-fifths  of  the  length  at  high  water  and  for  about  one-sixth  at  low 
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water.  Figs.  29  and  30  show  the  overwhehning  influence  of  the  Cape 
Cod  wave  over  the  Buzzards  Bay  wave,  the  length  of  the  corresponding 
nearly  horizontal  lines  indicating  time  of  high  and  low  water  along 
the  canal  being  nearly  proportional  to  the  difference  in  amplitudes  at 
these  points.  An  interesting  contrast  to  the  propagation  curve  of  high 
and  low  waters  is  the  almost  exactly  simultaneous  occurrence  of  slack 
water  on  the  entire  length  of  the  canal,  which  is  also  shown  on  the 

diagrams. 

WAVE  PROPAGATION 
Observations  of  July  '26th,   1915. 
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Fig.   30. 


Although  it  does  not  seem  possible  to  find  an  analytical  expression 
for  the  velocity  of  the  wave  propagation  in  the  Cape  Cod  Canal,  the 
problem  can  be  solved  with  the  aid  of  the  harmonic  analysis  of  the 
motion,  by  calculating  the  water  elevation  curve  for  every  station  (as 
will  be  sho\^ai  later)  and  picking  out  the  high,  low,  and  slack-water 
times  of  the  same  and  plotting  these  times  as  ordinates  to  the  station 
abscissas. 

The  Solution  of  the  Problem  by  Harmonic  Analysis. 

It  is  a  somewhat  curious  fact  that  textbooks  on  hydraulics  in  use 
in  engineering  practice  do  not  give  any  information  whatsoever  on 
the  analytical  side  of  tidal  phenomena,  and  that  even  standard  books 
on  hydrodynamics  deal  with  the  practical  problem  of  tidal  currents 
in  a  very  incomplete  way.  For  the  study  of  tidal  motion  in  canals, 
one   must   search   the   libraries   for   very   rare   scientific    publications, 
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and,  therefore,  it  is  hoped  that  a  complete  discussion  of  the  question 
will  be  welcomed  by  the  m.embers  of  the  Society  and  the  readers  of 
the  Transactions  in  general. 

The  classical  solution  of  the  problem  of  tidal  currents  in  canals 
was  derived  by  Sir  George  Biddell  Airy,  of  Cambridge,  later  Astron- 
omer Royal,  Greenwich  Observatory,  in  his  dissertation  on  "Tides 
and  Waves."*  All  subsequent  treatment  of  the  subject  has  been 
based  on  Airy's  work,  and  in  the  following  pages  the  theory  of  tides 
in  canals,  as  derived  by  him  and  interpreted  by  Professor  Maurice 
Levy  of  the  College  de  France  in  Paris,  will  be  given  with  such  modi- 
fications and  additions  as  are  deemed  justified,  with  reference  to  the 
data  obtained  by  careful  measurements  at  the  Cape  Cod  Canal. 

1. — General  Assumptions. — Assume  that  the  canal  is  narrow  enough 
to  permit  all  movements  to  be  regarded  as  parallel  to  the  longitudinal 
axis  of  the  canal,  so  that  it  is  sufficient  to  study  the  conditions  along 
a  vertical  plane  through  this  axis. 
In  Fig.  31  let  F  be  the  intersection 
of  this  plane  with  the  bottom  of 
the  canal,  which  is  supposed  to  be 
horizontal     or     very     slightly     in- 
clined.    Let  S^  be  the  intersection  m. 
of  the  plane  with  the  surface  of  the 
canal,  when  the  water  is  in  equilib-  fig.  31. 

rium  or  in  a  state  of  permanent  motion,  due  to  gravity  and  friction 
only,  and  let  S  be  the  intersection  of  the  plane  with  the  mobile  surface, 
in  case  the  motion  of  the  water  is  not  permanent,  due  to  the  action  of 
the  stars  or  any  other  cause. 

Also  assume  that,  at  the  same  line,  A-B,  normal  to  the  bottom, 
the  longitudinal  displacements  will  be  practically  the  same  for  every 
particle.     This  has  been  proved  by  Airy,  who  in  Section  180  says: 

''When  the  length  of  the  wave  is  great  in  comparison  with  the 
depth  of  the  water  (as  in  the  case  of  tide  waves),  the  horizontal 
motion  is  sensibly  the  same  from  the  surface  to  the  bottom    *    *    *." 

It  is  sufficient,  therefore,  to  study  the  motion  of  the  point,  B,  at 
the  surface. 

Assume  that  the  tide  generated  within  the  canal  is  so  small  as  to 
be  negligible,  and  therefore  the  non-permanent  motion,  which  it  is 
proposed  to  investigate,  is  due  to  other  direct  causes. 

*  "Encyclopaedia  Metropolitana,"  Vol.  V,  1845. 
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Finally,  assume  that  the  movements  of  the  line,  8,  are  small  in 
relation  to  the  depth  of  the  canal. 

2. — Differential  Equations  of  the  Varying  Motion  of  the  Water  in 
Canals. — Hydrostatics  teaches  that  for  a  fluid  at  rest  the  free  surface 
is  a  surface  normal  to  the  resultant  of  the  forces  at  each  point  of 
application,  B.  According  to  d'Alembert's  theorem,  the  same  holds 
good  for  the  case  of  motion,  but  the  force  of  inertia  of  the  point  con- 
sidered shoiild  be  added  to  the  attacking  forces.  The  algebraic  sura 
of  the  projections  of  these  forces  on  the  tangent  to  the  surface  is 
consequently  zero. 

Let  it  be  the  projection  of  the  acceleration  of  the  point,  B,  and  m 
its  mass;  then  —  m  jt  is  the  projection  of  its  force  of  inertia.  The 
component  of  the  gravity  is  —  m  g  sin.  Ig,  Ig  denoting  the  inclination 
of  the  tangent,  BB',  of  the  free  surface,  directed  in  the  sense  of  increas- 
ing x'  and  being  taken  positive  above  the  horizon,  x'  representing 
the  distance  of  the  section,  AB^  from  a  fixed  point,  0. 

Then,  disregarding  friction,  the  equation  sought  will  read 

—  mjt  —  rn  g  sin.  Ig  =  0, 
or  Jt  =  —  g  sin.  Ig , (a) 

being  an  expression  of  the  mean  acceleration  along  the  section,  AB. 

Taking  friction  into  consideration,  the  mean  acceleration  in  the 
section  determined  by  the  friction  must  be  added  to  the  right-hand 
side  of  Equation  (a).  Now,  the  sum  of  the  friction  between  the 
filaments  of  water  is  zero,  by  virtue  of  the  principle  of  action  and 
reaction,  and  therefore  only  the  friction  of  the  water  at  the  wetted 
perimeter  should  be  considered.  Let  F  be  the  friction  per  unit  of 
wetted  surface  and  X  the  wetted  perimeter  of  the  section,  AB,  and  let 
the  section,  A'B',  be  infinitely  near  to  ABj,  at  a  distance,  x'  -{-  d  x', 
from  0.  The  wetted  surface  of  the  canal  between  the  two  sections 
equals  X  d  x' ,  and  the  corresponding  friction,  F  X  d  x'.     The  mass  of 

liquid,  AB-A'B'  is  —  fl  d  x' ,  denoting  the  area  of  the  section,  A  jB,  by 

y 
fl,  and  the  weight  of  the  liquid  per  unit  vohime  by  7. 

The  mean  acceleration  due  to  the  force,  F  X  dx' ,  therefore,  reads 
F  X  dx'  __g  F  X 

~  ndx'        ' 
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and,  being  directed  opposite  to  the  motion,  Equation  (a)  becomes 

j^=-g,rn.I^-'-^ (?>) 

Let  Pf  be  the  ordinate  of  the  point,  A,  of  the  bottom  of  the  canal, 
measured  from  an  arbitrary  datum  line;  this  ordinate  is  a  function 
of  the  one  variable,  x' ;  and  let  z  he  the  depth  of  the  canal  at  A 
at  the  instant,  t,  that  is,  2  is  a  function  of  the  two  independent 
variables,  x'  and  t.    Then 

sm.  7,  =  ■■!- = ^  H =  sin.  I  -\ =  I  -\ 

'  S  x'  S  x'        dx'  S  x'  Sx' 

denoting  the  slope  of  the  bottom  by  I,  figured  positive  above  the 
horizon,  so  that  I  is  positive  or  negative  according  to  whether,  by 
ascending  the  bottom  slope,  we  go  in  the  direction  of  or  against  the 
positive,  x\ 

Assuming  that  the  friction,  F,  per  unit  surface  is  proportional  to 
the  nth  power  of  the  velocity,  v,  so  that 

F  =  f,v- (c) 

/q  being  a  coefficient  varying  with  the  consistency  of  the  wetted  peri- 
meter and  being  equal  to  F  for  unit  velocity.  Equation  (6)  becomes 

i,  =  -  (7  Z  -  (/  ^  -  /  1-" {d) 

if,  for  the  sake  of  simplicity,  we  put 

.'--W (») 

In  Equation  (a),  /  is  positive  always,  if  n  is  an  odd  figure,  also,  if  n 
is  even  and  v  >  0;  in  other  words,  if  the  motion  is  in  the  direction 
of  positive  x'.  If  v  <  0  and  n  is  even,  the  lower  sign  should  be  taken. 
In  order  to  transform  Equation  {d)  into  an  equation  of  partial 
derivatives,  let  us  characterize  a  section  by  the  abscissa,  x,  and  the 
depth  of  the  water  at  that  section  by  y  at  a  particular  instant,  which 
is  taken  as  the  origin  of  time;  the  abscissa,  x',  and  the  depth,  z,  of 
the  section  at  the  instant,  t,  will  then  be  functions  of  the  two  inde- 
pendent variables,  t  and  x.  To  follow  the  motion  of  the  particles  of 
a  section  designated  by  its  initial  abscissa,  x,  it  is  sufficient  to  let  the 
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time  vary   only.     The  expression  for  velocity   and   acceleration  will 

consequently  be  „    , 

d  X         ^ 

V  =  ,  and 

d  t 

■''  ~  dl,~  sf ^■^■^ 

Substituting  in  Equation  (d) 

52  x'         .  /5  a-'\ "  .  d  z 


d  t  \  S  t  /  ox 

S  X' 
and  multiplying  by  ^ — ,  we  get 
S  X 

[d^x'         .  /S  x'\"  1  S  X'  d  z 

[TF+nTi)  +'-"\j^  =  -«r. ^'^ 

which  is  one  of  the  differential  equations  between  the  unknowns,  x' 
and  z. 

The  practical  incompressibility  of  the  water  furnishes  the  other 
equation. 

fl  being  the  area  of  the  wetted  cross-section  at  AB,  let  /!„  be  the 

o  ■  U 

area  of  this  same  section  at  the  initial  instant.  The  volume  of  water 
included  between  this  and  an  infinitely  near  section,  having  an 
abscissa,  x  -|-  dx^  is  £l^^  dx.     At  the  instant,  i,  the  abscissas  of  the  two 

d  X' 
sections  are  x'  and  x'  -\ d  a;,   respectively.      The   volume   included 

5  x' 
between  them  equals  fL d  x,  which  must  be  equal  to  /2q  d  a;,  or 

5  X' 
^ax=^» <") 

which  is  termed  the  equation  of  continuity. 

S. — Application  of  the  General  Differential  Equations  to  a  Canal 
of  Uniform  Eectangular  Cross-Section. — Let  v^  be  the  absolute  value 
of  the  velocity  in  the  canal  for  uniform  motion,  determined  by  the 
bottom  slope  and  friction  only.     Then,  for  this  condition, 

x'  =  X  —  v^t,  and  z  =  y (fa)* 

For  the  non-permanent   oscillating  motion, 

of  =  X  —  VqI  -{-  I,  and  z  =  y  -{-  h (g) 

where  ^  and  h  represent  the  deviations  of  x'  and  z  from  the  conditions 
of  uniform  motion,  and  therefore  are  assumed  to  be  comparatively 
small. 

*  The  origin  of  the  abscissas  can  always  be  selected  in  such  a  way  that  Vo  shall 
be  negative. 
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Assume,  further,  that,  for  the  range  of  velocities  here  considered, 
the  power  of  the  velocity,  to  which  the  friction  is  proportional,  is  equal 
to  unity;  then  Equation  (/)  can  be  written 

,     ,.  S  X'  ^\   S  X'  d  z 

+  fTJ  +  '-")^  =  -^s^. (") 

which,  for  permanent  uniform  flow,  reduces  to 

—  fv^  +  gl=0 (t) 

and   substituting   the   value  oi  g   I  from   Equation    (i)    in   Equation 
(h),  we  get 

Now,  considering  |  and  h  as  variables,  as  defined  by  Equation  (g). 

8  h 
5-  I  5  I  8~x 

Yf  +  ^  rt  =  -'J — 6i (^> 

1  H ^ 

8  X 

The   cross-section   being   rectangular   and   uniform,  £1^  ^   h^   y,   and 

•fi  =  &Q  2,  &Q,  the  width,  being  constant. 

Therefore,  from  Equation  (//), 

z  1 

y  =  j^ ® 

8x 
and  again  taking  |  and  h  as  the  variables,   as   defined  by  Equation 

(g),  we  get 

z  :=  y  +  h  = -^ (m) 

1   +—, 
8  X 

Now  Equation  (Jt),  with  respect  to  this  last  equation,  can  be  written 

8-  k 

5-7  +  -^^i-^^7 — 5iv^^   ^"^ 

(^  +   ¥x) 

and,  neglecting  the  jiowers  of  — '-,  as  a  first  approximation,  we   finally 

5  x 

have 

{^+fiI-gr-.=o (Hir 

\  8  t^^  •'  8  t       -^  ^  8x-  ^       ^ 

'  8  - 


[ 


''  =  -''«i f^'^)"' 


*  See  also  Harris,  "Manual  of  Tides,"  Part  V,  pp.  294  and  295. 
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It  should  be  noted  that  these  equations,  although  derived  for  a 
canal  of  rectangular  cross-section,  can  be  used,  with  the  same  degree 
of  approximation,  for  uniform  canals  of  any  cross-section,  supposing 
that  by  y  the  "reduced  depth"  of  the  canal  is  understood,  that  is,  the 
depth  of  a  rectangular  section  having  the  same  area  and  top  width 
as  the  actual  section.  Substituting  the  value,  Dj  ^  fl^  +  \  /i,  and  the 
value  of  x'  from  Equation  (g)  in  Equation  (//),  we  get 

^0   (l  +  ^)  +  ^  '*'  =  -^0- 
Let  Djq  =^  b  y,  y  being  the  reduced  depth,  as  explained,  then  y 1-  h 

=  0,  which  is  identical  with  Equation  (IV). 

It  can  also  be  seen  that  the  displacement  caused  by  the  uniform 
flow  does  not  enter  into  the  equation;  such  flow,  therefore,  if  it 
exists,  can  be  treated  separately  from  the  oscillating  motion. 

4. — General  Integral  of  Equations  (HI)  and  (IV). — As  the 
motion  for  which  an  expression  is  desired  is  only  that  which  is  period- 
ical, there  must  be  taken  the  most  general  expression,  depending  on 
the  time,  which  will  satisfy  the  Differential  Equation  (III).     Assume 

then 

I  =  Pcos.  6  t  +  Q  sin.  6  t (I) 

6  being   an   arbitrary  constant,   and    P   and    Q   functions   of   x  to    be 

discovered.     Then 

— ^  =  —  d  P  sin.  d  t  +  d  Q  cos.  d  t 

d  t 

'^2   f- 

— I  =  —  d'^P  cos.  dt—d^Q  sin.  d  t 

5^  I       d'^P  d^  Q   . 

—-2  =  3—5-  COS.  d  t  +  -—^  sm.  d  t 
Sx^       dx^  d  x^ 

Substituting  in  Equation  (III),  we  find 

—  d^  P  cos.  d  t  —  d"^  Q  sin.  d  t  —  f  d  P  sin.  d  t  +  f  d  Q  cos.  d  t 

d^  P  d^  Q 

__cos..i-</r-^ 

This  equation  must  be  satisfied  for  all  values  of  t.     Therefore,  for  i  =  0 

Tt 

and  (J  ^  =  — ,  the  following  equations  must  hold,  respectively 

d^  P 


—  cj  y  -J— 2  cos.  d  t  —  g  y  -j-^  sill-  d  t  =  0. 


d'P-^fdQ  —  gy—-^=  0 
a  X 


(h) 
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NoAv  let 

P  =  J.  e"  '^  and  Q  =  iJ  e"  ^ (2) 

then,  substituting  in  Equation  (i^)  and  initting  x  =  0,  the   constants, 

A,  B,  a,  will  satisfy  the  equations 

id^-\-g  r  «')  A—f6B  =  0} 

f  6  A  -\-  {6-  -\-  g  r  '^'^)  B  =  0\ 

Eliminating  the  ratio,  -= ,  between  Equations  (5),  we  get 

{6-'  +  gy  a'^f  +  fa-"  =  Q (5o) 

which  furnishes  the  characteristic  equation 


(5) 


from  which 


and  p  and  q  are  defined  by 


g  r 


p  +  g  V  —  1. 


p''  —  T  ^^  — 
2  p  q  =z  ± 


6' 

g  r 
g  y 


(4) 

(5) 


which  give 


(~) 


we  also  can  write 


V  2 


97 


J-1  +  n/ 


1  + 


f 


(<?) 


V    2(7;-  Sj  N  d'J 

We  get  two  solutions 

a  —  J)  -\-  q  sj  —  1  and  a  =  —  V  -Y  q   s/  —  1 (9) 

and  two  others  by  changing  g  to  —  q.    The  first  value  of  a  in  Equation 

—   and,  with  respect  to  Equation  (5), 


(9)  gives  a    — 

B    =    A    s/    —   1.     The     second    value    of  a  in   Equation   {9)  gives 


g  r 


^  6''  —  S  6  si  —  \ 


gr 


,  and, consequently,  -B  =  —  As/  —  1 .     There- 
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fore,  without  regard  to  the  constant,  A,  the  first  vahie  of  a  in  Equation 
(9)   gives 

P  _  e  (p+2-'~i)^  and  Q  =  V"^  e  (p+9-'~i)-^ 
which  can  also  be  written 

P  =  e^^  (cos.  g  a:  +  \/  —  1  sin.  q  x) 


Q  =  e'P^  ( —  sin.  qx-\-  s/  —  1  cos.  q  x) 

and  from  these  the  two  solutions  will  be 

(  P  =  eP^  cos.  qx  Q  ^  —  e^^  sin.  q  x 

\  F  =  e^^  sin.  qx  Q  =  6^^^  cos.  q  x 

The  second  value  of  a  in  Equation  (9)  gives 

P  =  e-P-^  (cos.  g  a;  +  V  —  1  sin.  q  x) 
Q  =  e-P'^  (sin.  qx — V  —  1  cos.  qx) 

and  the  two  solutions 

P^  e~P'^  COS.  g  a:  Q  =  e'^'^  sin.  qx 

P  =  e"P'^  sin.  g  a;  Q=  —  e"P^cos.  ga; 

Adding  these  four  solutions,  midtiplied  by  constants,  the  general  solu- 
tion of  the  factors,  P  and  Q,  of  Equation  (1)  is  obtained. 

P  =  e^*(Ccos.  qx  -{-  D  sin.  q  x)  -^  e"^*  (C  cos.  qx-\-  D'  sin.  qx) 


>  -.(-ZO) 
Q^e^^  { —  Csin.  qx-\-D  cos.  gcc)  +  e~^*  (C  sin.gx  — D'  cos.gx) 

The  value  of  a,  obtained  by  changing  q  to  —  q,  would  give  the  same 
result. 

Substituting  these  values  of  P  and  Q  in  Equation  {1),  the  expres- 
sion for  the  horizontal  displacement  will  read 

i  =  e^'  [C  cos.  {d  t  -\-  qx)  +  D  sin.  {6  t  -\.  q  a;)] 

_^  g  -px  |-^,  (,Q<5_  ((J  t  _  g  .-c)  _  D'  sin.  (^(S  t  —  q  x)-\ .  .  (11) 

To  every  expression  found  for  ^  another  corresponds  for  the  height, 
h,  and,  by  Equation  (IV), 

h  =  —  y  e^""  \_{Cp  +I>q)  cos.  {6t  +  qx)  -{-  (Dp  —  Cq)  sin.  {6  t-\-qx)'] 
+  re-^'"i{C'2)  —  B'q)(io^.{6t  —  qx)  +  {D'p->rC'q)sm.{6t—qx)']..{12) 

The  numerical  values  of  the  constants  depend  on  the  particular  con- 
ditions of  the  problem. 

5. — Determination   of  the   Constants  in  a   Canal   Without  Proper 
Tide,  Communicating  at  One  End  with  a  Tideless  Lake  and  at  the 
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Oiher  End  with  a  Tidal  Sea. — Instead  of  the  constants,  C,  D,  C,  D', 
of  Equations  (11)  and  (12),  let  there  be  introduced  four  new  con- 
stants, Aj  B,  A',  B',  being  related  to  the  former  as  follows : 


Gp  +  Dq  =  — 

r 

C'p  —  D'  q=  ^' 

-Cq  +  D2^  =  ^ 

C  q  +  D'  p  =  — 

r 

and,  therefore, 

pA-qB 

r(p'  +  q') 

qA+pB^ 
r(p'  +  q') 

> 

^,       pA'  +  qB' 

D 

—  qA'  +p  B' 

r  (f'  +  T) 

~    r(f  +  q')    J 

(13) 


£  = 


r  (p^  +  q') 


y..(U) 


Consequently,  Equations  (11)  and  (12)  will  become 

fe^'  [(p  A  —  qB)  cos.  (d  t  i-  q  x)  +  (q  A  +  p  J5)^ 
sin.  (6  t   +  q  x)]+  e-^""  [(p  A'  +  q  B') 
cos.     (6    t    —    q    X)    -\-    (q  A'    —  p   B') 
sin.  (d  t  —  q  x)]  ■' 

[ —  A  cos.  ((J  (  +  q  X)  —  B  sin.  (6  t  +  q  x)} 

q  x)  —  B'  sin.  (6  t  —  q  x)] (15) 


h  =  e* 
+  e-^^[^'  COS.  (d  t 
Let  the  origin  of  the  abscissas,  x,  be  at  the  lake  end  of  the  canal. 
Then  we  must  have 

Eor  a;  =  0,  A  =  0 (o) 

For  x  =  L,h^  Iiq  sin.  d  t (r) 

where  L  =  the  length  of  the  canal,  h^  the  given  half  amplitude  of 


the  sinoidal  tide,  and  d 


— ,  if  T  is  the  interval  between  consecutive 

T 

high  tides.     Tlie  origin  of   times  is  taken  at  —  preceding  high  water 

at  the  sea  end. 

To   determine   the  constants,   it   is  known  from  the  condition   in 
Equation  (o)  that 

A'  —.1  =  0  and  5'  +  B  =  0, 
and  from  the  condition  in  Equation  (?•)  that 

eP^  (_  A   cos.   q   L  —  B  sin.   q  L)  +  e~^'^  (A'  cos.  q  L 

+  B'  sin.  q  L)  =  0. 

eV^   {A    sin.     q     L     —    B    cos.    q    L)     +    e  ~  ^'  ^    (A'    sin.    q    L 

—  B'  cos.  q  L)  =  h^. 
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If  there  be  put,  for  convenience, 


J   =  2 


fipL 


+  e 


—  'ipL 


—   COS.  2  q  L 


then 


(16) 


i  = 


p  -I 


A=  A'  =  ^  (et'^  +  e-P  ^)  sin.  q  L 

B^  —  B'  =  —  -^   (eP^  —  e-P'^)  cos.  qL 
and,  substituting  these  values  in  Equations  {ll^)  and  {15), 

■  _^P(L  +  .r)  gjj^_  Id  t   —  q  (L    —   X)] 

+  e"^'-^-^^  sin.  [d  t-j-  q(L  i-  a:)] 

—  eP  (^  +  -^'>  sin.   [d  t  —  q  (L  -Jr  a:)] 

[  +  e-P  ^^  -  *''  sin.  Id  t  +  q  (L  —  x)^ 

■eP(L  +  .r)  pQg_   [(^  i  _  g    (i  —  a;)] 

_g-p  (L-.T)  pQj^_  [(?  (  +  g  (i  +  0')] 

+  q    I  +  e-''  <-^  +  *)  COS.  [(J  (  —  fi   (-L  +  X)] 
I  _g-/>(L-x)  p^g_  [^  «  +  g(i_a;)]  J 

^lUL+x)    ^^^      ^d    t    —    q    (L   —     X)]-] 

—  e  -P(^-  ■^■'  sin.  [dt-{-q(L  +  x)]  | 

—  eP  '^  ~  •'■^  sin.  [d  t  —  q  (L  -\-  X)] 
+  e-'^(^  +  -'"^  sin.  [(J  t  +  q(L—x)2^ 


(17) 


(18) 


A 


(19) 


The  current  will  have  the  expression 


P    i 


llr. 


8i 


St       yA  (2J^  i-  9^) 


r  f  _  eP^^  +  -''^  COS.  [^   i  —   g  (i   _  X)]  1 

+  e~''^-^~^'^cos.  [(?«+   g  (i+a;)] 
_gP  (i  +  x)  ^,Qg_  [;(j  ^  _  g  (X  +  a-)]  I 

4-  e~^'^-^~^^cos.  [(J «  +  g  (i  _  a-)]  J 
f  _  e?^  (■C'  +  •'•)  siii_  [(J  i  _  g  (i  _  a,)]  -1 

I  +  e-P  ^^-^'^  sin.  [c^ «  +  q  (L  +  x)^  \ 
j  _  e^'  (^  +  *■>  sin.  [(J  (  _  g  (i  +  a;)]  | 
I  _,_  e-^^^-^-^'^sin.Cc;  t  +  q  (L 


+   7 


.(^0) 


These  equations  show  that  the  motion  in  the  canal  consists  of  the 
superposition  of  four  waves,  two  of  which  are  propagated  from  the 


sea  toward  the  lake,  having  a  speed  of  —  — ,  and  two  in  the    opposite 


lie 
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direction,   with  a   speed    of   +  The  absolute  value  of  these  speeds, 

according  to  Equation  (8)  is 


.7  r 


J^-sl" 


'  +  .' 


(2i) 


which,  if  friction  is  not  considered,  reduces  to  the  well-known  value 


of   —    —  \/  g  y. 


27f 


The  four  waves,  wiiich  all  have  the  same  period,  —  —  T,  as    the 

d 

tidal  sea,  can  be  united  into  one,  the  height  of  which,  h,  is  given  by 
the  equation: 

/i  =  P  COS.  6  t  +  Q  sin.  6  t (S2) 

P 
or,  putting   —    =  tan.  Z,  there  can  also  be  written 
(J 


In  this  equation 


7i  =  V  p-^  +  Q-  sin.  (6t-{-  Z) (S3) 


P=-^  -<! 


—  e^  '  sin.  q  {L  —  x) 

—    r>   (Li  —  X)         •  .T         1  N 

—  e  sin.  g  (L  +  x) 

I       p  (L  —  X)       •  ,  T       ,         \ 

-f  e'  '  sm.    g    (iv    +    a;) 

I        —  ])  (L  -\-  x)     ■  ,  -r 

.+  6     J  ^    ^    '  sill,  q  (^jj 


x) 


X) 


Q^^< 


r       P   (L  +  X)  ,  7- 

'^e  -*  COS.  g  (i 

—  P    (L  —  X)  /  T  ,  X 

—  e     -^  COS.  g  (i  +  a;) 

—  e  COS.    g  (L    +   a;) 

,  —  »   (L   +  «)  -  T  . 


(^4) 


If  we  substitute  the  hyperbolic  functions, 


COS.,.    X  = 


+  e 


sin.^   a; 
tan.,,  X  =  ^^^ — ,  then 


P  = 


2  '  ■"""'*    ■  2  -  COS.,.   X 

2  h^i  [sin.,^  p  (L  — ■  a;)   sin.   q   (L    +   a;) 


—  iiin-h P  (L  +  x)  sin.  q(L—x)]  ^    ^ 
"0  )  [ —  '^^^■ii  P  (^  —  ^)  ^os.  q  (L  -\-  x)   j    I 


(^5) 


A 

A    ^        -f  cos.,j  p  (i  -f  a;)  COS.  g  (i  —  x)]  ^   J 
The   condition   for   the   occurrence   of   maximum   elevation   at   the 
section,  x,  is  evidently  that  sin.  (0  t  -\-  Z)  =  1;  for  this  case 


I    cos.^  2  p  X  —  cos.  2  q  x 
^max.  =     o\l(.Qg_^^  2  p  L   —cos.  2  q  L 


(S6) 
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The  time  of  tliis  maximum  will  be  found  from  the  condition,  dt  +  Z  = 


_    Tt  Z   _    T 


27r 
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2 

{27) 


or,  in  other  words,  hio^h  water  at  the  section,  x,  will  occur  —  - —  T  later 

than  at  the   sea. 

p 
The  value  of  Z  =  -^,with  respect  to  Equations  {16),  {23),  and  {25), 

which  also  furnished  Equation  {26),  will  be  found  from 

—  tan.  q  L  tan.^  p  x  -\-  tan.^  x>  -^  tan.  q  x 
tan.^  p  L  tan.^  p  x  -\-  tan.  q  L  tan.  q  x 

The  expression  of  the  current  velocity  also  can  be  written  in  the  form 
M  cos.  6  t-\-N  sin.  6  t  =  \/ IP  +  N"'  sin.  {6  t  +  F). . .  {29) 


tan.  Z  = 


(^5) 


St 


M 


where  tan.  Y  =  -— ,  and  M  and  N  are  <riven  as  follows  : 


i»f  = 


JNr  = 


l^i)  [sin.^  p  (L   +  3;)   cos.   q  {L  —  a^)  ^   "^ 
2  h^  6       J  +  sin.ft  p  (i  —  a^)  cos.  q   {L  +   x)]   ! 
;k  /i  {p'  +  g')  I  +  '7  [  -  cos.^  p  {L  +  a;)  sin.  q  {L  —  x)  j 
(^—  cos.,^  p  {L  —  X)  sin.  (/  (i  +  a;)]  J 
fP   [cos.^  2)   (-L  +  x)   sin.  5  (i  —  x)~^ 
2\   6       J  +  cos.^  p  (i  —  a-)  sin.  q  {L  +  a;)]  ! 
r  ^  (p'  +  g^)  I  +  g  [sin.ft  iJ  (i  +  X)  COS.   g  (i  —  a;)  [^ 
l^+sin.;^  j;  (L  —  a;)    cos.   q  {L   +  x)]J   J 


^....(50) 


The  value  of  the  maximum  current  will  be  =  \^  M'^  +  ]Sf'\  and  will 


{31) 


occur  when  sin.  {6  t  A-  Y)  —  1,  or  d  t  -{-  Y  —  —•> 

T         Y  ^ 
and  «  = ~-T 

4  2  TT 

6. — General  Remarks. — The  theory  evolved  in  the  preceding  para- 
graphs and  the  equations  presented  give  a  comparatively  easy  and, 
for  all  practical  purposes,  correct  solution  of  the  problem  of  tidal 
phenomena  in  canals,  if  the  basic  assumptions  are  approximated  in 
practice. 

The  tidal  variations  at  the  end  of  the  canal  can  generally  be  repre- 
sented very  closely  by  an  equation  having  the  following  form: 

h  =  /iq  sin.  d  t  +  /*(,'  sin.  6'  t'  + {32) 
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The  equations  in  this  paper  furnish  the  solution  for  each  member 
of  the  right-hand  side  of  Equation  (32),  and  these  results,  added 
together  by  the  principle  of  superposition  of  waves,  will  solve  the 
problem.  If  both  ends  of  the  canal  are  subjected  to  tidal  influences, 
they  should  be  treated  separately  and  the  results  added. 

If  there  is  a  difference  between  the  mean  elevations  of  the  two 
seas,  the  influence  of  a  Tiniform  motion  resulting  from  this  cir- 
cumstance should  be  added  to  the  results  obtained  for  the  oscillating 
motion.  If  a^  =  the  elevation  of  mean  sea  level  at  one  end  of  the 
canal,  and  h^  =  that  at  the  other  end,  then  at  any  point  of  the 
canal,   characterized   by   the   abscissa,   x,  the   elevation   of   the   water, 

X,  and  the  value  of  the  uniform  velocity  can  be  expressed 


«o  —  ^^0 


L 


il  I   __.    _.   .       «n  — '-'o 


approximately  by  the  equation,  v  =  '— r-,  where  I  =         — -,  or    by    any 

equation  derived  for  uniform  flow  in  canals.  If  the  canal  is  not  very 
long,  and  the  difference  in  mean  sea  levels  is  considerable,  the  equations 
for  non-uniform  but  permanent  flow  should  be  applied.  Later,  in 
this  paper,  these  equations  will  be  dealt  with  in  some  detail. 

In  deriving  the  equations  the  assumption  was  made  that  the 
friction,  F,  is  proportional  to  the  first  power  of  the  velocity  of  the 
flow.  Strictly  speaking,  therefore,  they  can  be  applied  with  precision 
only  on  canals  of  great  length  subjected  to  small  differences  in  head, 
that  is,  in  which  the  velocities  are  small  enough  to  make  the  condition 
prevail.  The  integration  of  the  Differential  Equation  (7)  in  cases 
where  the  power,  n,  of  the  velocity  to  which  the  frictional  resistance 
is  proportional  differs  from  unity  still  awaits  analytical  solution. 

To  the  writer's  knowledge,  no  attempt  has  been  made  as  yet  to 
compensate  for  this  deficiency  and  to  amend  the  equations  in  such 
a  way  that  they  could  be  used  for  canals  of  the  class  of  the  Cape 
Cod  Canal,  in  which  the  velocity  is  such  that  F  is  proportional  to 
about  the  square  of  the  velocity.  This  is  probably  due  to  the  fact 
that  no  actual  case  has  arisen,  up  to  the  present  time,  where  any 
proposed  theory  could  be  substantiated  by  the  results  of  careful  meas- 
urements, and  that  for  all  tidal  canals  in  existence,  approximate 
calculations  by  equations  based  on  Bernoulli's  theorem  give  velocities 
sufficiently  close  for  practical  purposes. 

In  an  entirely  different  field  of  hydrodynamics,  however,  it  was 
imperative  to  evaluate  the  influence  of  the  frictional  resistances,  when 
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proportional  to  the  square  of  the  velocity,  on  the  oscillating  motion 
of  fluids.  With  the  advent  of  long  pipe  lines  supplying  hydraulic 
power  plants,  means  had  to  be  found  for  the  proper  regulation  of 
the  wheels  and  for  the  protection  of  the  conduits.  The  surge-tank 
regulator  was  devised  for  this  purpose,  and  its  correct  design  neces- 
sitated the  prediction  of  the  magnitude  of  the  rise  and  fall  of  the 
water  in  it  for  the  assumed  operating  conditions. 

Within  the  last  8  or  10  years  a  number  of  books  and  papers  have 
been  published  on  this  subject,  mostly  from  the  pens  of  American  and 
Swiss  engineers  and  scientists.*  It  can  be  stated  that  the  problem 
of  the  surge  tank  is,  to  an  extent,  the  inverse  of  the  problem  of  the 
current  in  a  tidal  canal.  In  the  former,  from  known  ultimate  velocity 
changes  in  the  conduit,  the  oscillating  motion  induced  within  the 
reservoir  at  the  end  of  the  pipe  is  sought;  and  in  the  latter,  the 
velocity  changes  in  the  canal  due  to  the  known  harmonic  changes  of 
the  head  at  the  end  are  investigated. 

The  differential  equation  characterizing  the  motions  of  the 
water  in  the  surge  tank  is,  as  could  be  inferred  from  the  foregoing 
considerations,  similar  to  Equation  (7)  in  this  paper,  and  the 
investigators  of  the  surges  were  confronted  by  the  same  difficulty, 
namely,  the  impossibility  of  the  analytical  integration  of  the  term, 
/  v^  ds.  The  evaluation  of  this  integral,  however,  was  absolutely 
necessary,  in  view  of  the  more  and  more  frequent  application  of  the 
surge-tank  regulator,  and  the  question  was  attacked  in  both  a  theo- 
retical and  practical  way.  I.  P.  Church,  Assoc.  Am.  Soc.  C.  E.,  in 
discussing  Mr.  Johnson'sf  and  Mr.  Warren's:]:  papers,  has  shown 
that  this  expression  can  be  integrated  graphically  and  results  derived 
with  a  great  degree  of  accuracy.  Other  writers,  as  Dr.  Prasil  and 
Robert  Dubs,§  have  shown  that  the  tedious  graphical  method  can  be 
avoided  and  excellent  results  obtained  by  using  an  average  value  of 

*  "Wasserschloss  Probleme,"  by  Professor  F.  Prasil,  Schweizerische  Bauzeitung, 
Vol.  LII,  No.  21  and  following. 

"Allgemeine  Theorie  iiber  die  veranderliche  Beweguug  des  Wassers  in  Leitungen," 
by  Robert  Dubs  and  V.  Bataillard,  Berlin,  1909. 

"The  Surge  Tank  in  Water  Power  Plants,"  by  R.  D.  Johnson,  Transactions,  Am. 
Soc.  Meeh.  Engrs.,  Vol.  30,  1908. 

"The  Differential  Surge  Tank,"  by  R.  D.  Johnson,  Transactions,  Am.  Soc.  C.  E., 
Vol.  LXXVIII,  1915. 

"Penstock  and  Surge-Tank  Problems,"  by  Minton  M.  Warren,  Transactions, 
Am.  Soc.  C.  E.,  Vol.  LXXIX,  1915. 

t  Transactions,  Am.  Soc.  Mech.  Engrs.,  Vol.  30,  p.  488  and  following. 

t  Transactions,  Am.  Soc.  C.  E.,  Vol.  LXXIX,  p.  273  and  following. 

§  "Allgemeine  Theorie,"  etc.,  II  Tell  :  Stollen  und  Wasserschloss,  pp.  219-221. 
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the  velocity,  such  that  the  frictional  force,  as  a  linear  function  of  the 
same,  will  absorb  the  same  total  energy  in  the  interval  during  which 
the  velocity  of  the  conduit  changes  from  zero  to  maximum,  as  the 
total  energy  absorbed  by  the  frictional  force  in  the  same  interval, 
regarding  F  as  proportional  to  the  square  of  the  velocity  at  any  instant. 
This  simpliiied  method  is  endorsed  by  Mr.  Johnson,*  and  a  great 
number  of  experiments  have  proved  the  reliability  of  its  use. 

On  the  strength  of  the  foregoing  argument,  the  writer  proposes 
the  following  modification  of  Equations  (c)  and  (III)  and  those 
deduced  therefrom. 

In  the  case  of  variable  motion,  where  the  velocity  ranges  from  zero 
to  a  considerable  value,  as  in  the  Cape  Cod  Canal,  for  the  value  of 
/q,  as  given  in  textbooks  on  hydraulics  for  different  consistency  of 
the  wetted  perimeter,  a  different  value,  fj,  should  be  substituted,  so 
that  the  equation 

F  =    f '  r  (r  ^ 

average  •'  0      mean v   1/ 

will  be  satisfied. 

For  streams  of  the  description  of  the  Cape  Cod  Canal,  n  ^  2  in 

the  equation,  F  ^=  f^  v^.     Now,  F  =  f^v^  can  be  represented  by  the 

ordinates  of  a  parabola,  the  average  ordinate  of  which  is  75%  of  the 

maximum.     Due  to  the  fact  disclosed  by  more  recent  investigations 

that  /o  itself  is  not  a  constant  quantity  but  varies  slightly  inversely 

with  the  velocity,  it  is  proposed  to  use  the  value,  F^^^^^^^  =  0.7  F^^^_, 

0.7  F 
and  tlierefore  /",/  = ^^^^^^,0.5  r         beinsf  the   mean  velocity.     The 

value  of  f',„„^.,  to  be  used  in  such  cases,  can  be  established  by  any  of  the 
approximate  methods  to  be  described  later.  For  maximum  velocities 
less  than  1.5  ft.,  the  original  assumption  can  be  considered  as  correct, 
and  the  use  of  /^  as  given  for  1  ft.  velocity  is  recommended,  it  being 
a  well-known  fact  that  at  such  low  velocities  the  friction  is  actually 
proportional  to  the  velocity. 

If  the  maximum  velocity  computed  by  the  submitted  equations 
would  considerably  differ  from  the  velocity  given  by  the  approximate 
methods,  the  value  of  //  should  be  corrected  for  the  former,  and  the 
whole  calculation  refigured  with  this  new  value  of  f^.  This  process 
may  be  repeated  until  a  satisfactory  agreement  between  the  figured 
and  that  of  /q'  is  reached. 

Transactions,  Am.  Soc.    Mech.   Engrs.,   Vol.   30,   p.   455. 
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Mr.  Levy,  in  applying   the    equations   to   the    Suez    Canal,  used   a 

coefficient,  —  =   0.0005,  and  found  that  the  computed  are  far  below 

V 
the   actual   velocities,    and   therefore   suggested   the   use   of   equations 

based  on  the  extension  of  Equation  (///)  to  a  second  approximation. 
Judging  from  the  close  check  of  the  computed  and  observed  velocities 
of  the  Cape  Cod  Canal,  the  equations  herein  presented  give  reliable 
results  for  all  practical  purposes,  if  the  value  of  //  is  taken  in  accord- 
ance with  the  previous  reasoning.  In  the  case  of  the  Suez  Canal,  for 
the  conditions  considered  by  Mr.  Levy,  the  approximate  methods  fur- 
nish a  t'„,„3..  of  about  2.5  ft.  For  the  consistency  of  the  Suez  Canal  bed, 
/q  can  be  taken  as  0.004.    Then 


0.7X0.004X2.5^  /V 

n   = r-^TT ==  0.014,  and -"- 

1.25  ij 


/  '  = -— '—  ^  0.014,  and^"^-    =    0.00022, 


vphich  value  gives  velocities  very  close  to  the  observed  results  in  the 
Suez  Canal. 

Dr.  Rollin  A.  Harris*  gives  the  following  values  of  f^  for  different 
consistencies  of  the  wetted  perimeter: 

Fine  sand   0.00405  )   ^-  ,  _.    ,    . 

I  Ihese  values  are  called  the 
Coarse   sand    0.00488  V  ^      ^      •     ^  •  .•       •,       , 

I  Lyteiwem  Irictional  values. 
Beds  of  streams 0.00  (5G  j 

7. — Application  of  the  Theory  to  the  Cape  Cod  Canal. — In  order 
to  test  the  validity  of  the  equations  supposed  to  furnish  the  values 
for  the  elevation  of  the  water  and  velocity  at  any  section  and  time, 
the  equations  must  be  applied  to  a  stretch  of  uniform  or  nearly  uniform 
cross-section.  Such  a  stretch,  according  to  the  general  plan,  Fig.  2, 
extends  from  about  Station  74  to  Station  382.  The  nearest  points, 
where  observations  were  taken  on  August  26th,  1915,  are  Station  80 
and  Station  375,  which  we  will  consider  as  the  ends  of  the  canal 
having  a  uniform  bottom  width  of  100  ft.,  so  that  we  will  make  the 
length  of  the  canal  L  =  29  500  ft. 

The  mareographs  of  these  stations,  taken  from  the  observations, 
are  shown  on  Fig.  32,  together  with  the  sine  curves  having  the  same 
periods  and  amplitudes,  and  which  are  considered  in  the  computations 
as  being  the  tidal  variations  affecting  the  canal.  It  will  be  noted 
that  the  sine  curve  for  Station  80,  dra-\\Ti  with  mean  sea  level  at 
Elevation  100,  is  very  close  to  the  actual  curve  for  the  whole  range 

*  "Manual  of  Tides,"  Part  V.,  p.  249. 
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of  the  observation;  but,  at  Station  375,  though  Elevation  100  divides 
the  period  into  two  almost  equal  portions,  the  second  part  of  the 
cycle  has  a  very  much  smaller  amplitude  than  the  first.  This  is  typical 
for  the  westerly  end,  for  reasons  previously  explained. 


Fig.   32. 

The  bottom  of  the  canal  is  at  Elevation  70.35  at  Station  80  and 
at  Elevation  72.35  at  Station  375,  having  a  practically  uniform  slope. 
The  reduced  depths  of  the  two  end  sections  differ  only  by  about  3% 
from  the  reduced  depth  based  on  a  mean  section  having  the  bottom 
at  Elevation  71.35,  and  therefore  it  may  be  considered  justifiable  to 
use  this  mean  section  (see  Fig.  33*)  as  applying  to  the  whole  canal, 
instead  of  going  into  the  exceedingly  more  complicated  question  of 

*  Fig.  33  is  not  drawn  to  scale. 


Fig.  33. 
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solving  the  tidal  motions  in  a  canal  of  variable  depth.  It  is  evident 
that,  with  the  degree  of  approximation  permitted  throughout  in  the 
derivation  of  the  equations,  this  substitution  is  permissible. 

It  is  also  assumed  that  the  direct  effect  of  the  moon  and  sun  on 
the  water  in  the  canal  is  negligible. 

The  bed  of  the  canal  consists  of  coarse  gravel  and  boulders,  and 
the  broken-stone  slope  protection  tends  to  make  the  wetted  perimeter 
still  rougher.  Considerable  energy 
is  expended  by  the  water  in  scour- 
ing the  bottom  and  transporting 
the  material.  In  other  words,  the 
canal  comes  under  the  same  group 
as  ordinary  streams,  and  the  selec- 
tion of  the  corresponding  coeffi- 
cient /o  =  0.00756,  seems  to  be  justified.  The  same  coefficient  was 
adopted  by  the  officers  of  the  United  States  Coast  and  Geodetic  Survey 
when  asked  to  predetermine  the  velocities  in  the  Cape  Cod  Canal.  In 
approximate  calculations,  referred  to  later,  it  has  been  found  that,  for 
conditions  prevailing  at  the  time  of  the  observations  on  August  26th, 
1915,  the  maximum  velocity  in  the  canal  is  not  expected  to  exceed 
5  ft.  per  sec.     Therefore, 

F^^^^^,  =  /o  t'2  ^  0.00756  X  5^  =  0.189  lb.  per  sq.  ft. 

.,      ^-^  K,ax-       0.7X0.189       ^  ,^^,.  f, 

f'  = ^"^^  = =  0.  528  lb.  per  cu.  ft. 

^■•^^'max-  -^'^ 

In  the  following  will  be  presented  the  numerical  calculations  for 
establishing  the  velocities  at  Stations  80,  227  -f  50,  and  375,  and  the 
water  elevations  at  Station  227  +  50,  on  the  basis  of  the  tidal  obser- 
vations of  August  26th,  1915.  These  calculations  are  divided  into 
four  parts.  Under  {A)  the  determinations  of  the  constant  quantities 
entering  into  the  computations  are  given;  under  (5)  and  (C)  the 
influences  of  the  tides  at  the  two  ends  are  treated  separately;  imder 
(Z?)  the  superposition  of  the  water  elevations  and  current  velocities,  as 
found  under  {B)  and  (C),  is  shown  graphically. 
{A). — Determination  of  Constant  Quantities. — 

g  =  acceleration  of  gravity 32.2  ft. 

7r  =  weight  of  1  cu.  ft.  of  sea  water 64.0  lb. 

Z  =  wetted  perimeter  of  undisturbed  canal 277.7  ft, 

n  =  area  of  undisturbed  cross-section 4  510.0  sq.  ft. 
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R  =  hydraulic  radius 19.8  ft. 

y  =  reduced   depth 21.0  ft. 

L  =  length  of  canal 29  500.0  ft. 

T  =  interval  between  consecutive  high  tides : 

Station     80 12  hr.  54  min. 

Station  375 12  hr.  24  min. 

2    Tt 

6  =  -=^  ^=  0.00014  radian  per  second; 
/    =  0.00756,  /V  =  0.0528,^  =  0.000825; 
/•  =  f/  X^X  -^=  0.00134; 

^=  9.57,  —,  =91.6; 

P  =  — I— 1  +  Vl  +  91.6=  0.0000111; 

q  =        ^      -     ll  +  V  1  +  OlTe  =  0.0000124; 

Vj)^  +  f  =  0.0000167,  J  =  2  (cos.,^  2p  i  —  cos.  2  q  L) 
=  0.96,  sj  =l<j  Y  —  36.75 
TABLE  15. 


fc  II 

arc. 

sin. 

COS. 

tan. 

sin./j 

COS./j 

tan.;i 

pL  =  0.328 

g  L  =  0.366 

2pi  =  0.656 

23  L  =  0.732 

18°  50' 
21°  00' 
37°  40' 
42°  00' 

0.323 
0.358 
0.611 
0.669 

0.946 
0.934 

0.792 
0.743 

0.341 
0.384 
0.772 
0.900 

0.334 
0.375 
0.704 
0.800 

1.054 
1.068 
1.223 
1.280 

0.317 
0.351 
0.576 
0.624 

■a     -ij" 
5  "'o 

fa     II 

p  x  =  0.164 

qx=  0.183 

2p  *•  =  0.328 

27  .c  =  0.366 

9°  25' 
10°  SO' 
18°  50' 
21°  00' 

0.164 

0.182 
0.323 
0.358 

0.986 
0.983 
0.946 
0.934 

0.166 
0.185 
0.341 
0.384 

0.165 
0.184 
0.331 
0.375 

1.013 
1.017 
1.0.54 
1.068 

0.163 
0.181 
0.317 
0.351 

"^  II 

p  (i  +  .r)  =  0.492 

q{L  +  X)  =  0.549 

2p  (L  +  a;)  =  0.984 

23  (L-j-u-)  =  1.098 

28°  15' 
31 »  30' 
56°  30' 
63°  00' 

0.473 
0.523 
0.834 
0.891 

0.881 
0.853 
0.5.52 
0.454 

0.537 
0.613 
1.511 
1.963 

0.512 
0.577 
1.151 
1.332 

1.124 
1.155 
1.524 
1.667 

0.456 
0.500 
0.755 
0.800 

(5). — Height  of  Tide,  Current  Velocities,  and  Retardations  in  the 
Canal,  Due  to  Tidal  Variations  at  Station  80. — 

/ig  ^  half  amplitude  =  5.4  ft. 

(a)  At   Station  80 a;  =  L  =  29  500  ft. 
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The  elevation  of  the  water  at  any  time  must  be  the  same  as  the 

mareograph  at  Station  80,  and  is  given  by  /;,  =  h^  sin.  (J  t,  where  the 

T 

zero  time  is  —   before  high  water. 
4 

The  current  velocity: 


V  =  V  M'-  -\-  JV^    sin.  (d  t   +  Y)  according  to   Equation  (29),   where 

from  Equation  (30), 

2  7;    6 
M=   ? c —  q  sin.  2  a  L  -}-p  sin.,,  2  p  L), 

^  =        A,  '2  !     2^  (i^  «i"-  2  'Z  J^  +  'Z  sin-,  2  V  L) 

r  A  {xr  +  ff) 

, 2\6  I  - 

vmax.  =    V   3/^  +  iV^2  =  — -      ,     ,    ,     .  .      sin.'  •2qL+  sin.,,-  2p  L 

Y  A  SJ  p'-  -\-  q'\ 


2  X  5.4  X  0.00014 

0.669'+  0.704' 


0.0303 


21  X  0.96  X  0.0000167 
=  4.35  ft.  per  sec. 
M  _ — (?  sin.  2  (/ X+jj  sin.,,  2p  i 
N       p  sin.  2  q  L  -\-  q  sin.,,  2p  L 
_—  0.0000124  X  0.66!)  +  0.0000111  X  0.704 
~   0.0000111  X  0.669  +  0.0000124   X  0.704 
or  r  =  _  10  45' 

r       F 

f-'maa-   will  occur,  when  i  = — ,  and  the  retardation  equals 

4     6 

1°45' 

— — -  X  46  440  =  226  sec,  or  about  4  min. 

360° 

The  maximum  velocity,  therefore,  is  retarded  by  4  Min.  after  high 
water. 

(&)  At    Station   227+50 a;  =  14  750  ft. 

The  maximum  elevation  of  the  water  is  given  by  Equation   {26) 


h„,„,.  =K     (COS.,  2px-cos.2g.r 


^  ,  ^      ^  =  5.4  X  0.5  =  2.70  ft. 

\icos.,,  2  p  L  —  COS.  2  q  L 

The  time  of  this  maximum  will  be  found  by  Equation  (^5), 

—  tan.  gi- tan.,,j3  a;  +  tan.,,  p  i  tan.  (/a; 

tan .  A(  ^^  

tan.,,2'  L  tan.,,  p  x  -\-  tan.  q  L  tan.  q  x 

—  0..384  X  0.163  +  0..317  X  0.185 


0.317  X  0.163  +  0..384  X  0.185 


0.0322,  and  Z  =  —  1°50'. 


1°  .50' 
The  retardation,  therefore,  =   ,.^         X  46  440,  or  about  4  min. 
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The  current  velocity: 


Again,  v  —  \/  M'^  +  N"^  sin.  (6  t  +  F),  where,  from  Equation  (80), 
denoting 

sin.ft  p  (L  -{-  x)  COS.  q  (L  —  x)  by  a  =  0.512  X  0-983  =  0.503 
sin.;,  p  (L  —  x)  COS.  q  (L  -\-  x)  hj  h  =  0.165  X  0.853  =  0.141 
C0S.7,  p  (L  +  x)  sin.  q  (L  —  x)  hj  c  =  1.124  X  0.182  =  0.205 
COS.,,  p  (L  —  x)  sin.  q  (L  +  x)  hy  d  =  1.013  X  0.523  =  0.530 

we  can  write  ^ 

^=-^'^^+,.^[Mc  +  cO  +  na  +  ^)] 

2  7i„  (? 


2  X  5.4  X  0.0U014 


21  X  0.96  X  0.0000167 


VO.644"-^  +  0.735-  =  4.4  ft.  per  sec. 


Jf  ^  2?  (a  +  h)  —  q(c  +  d) 

'"'"■       ~  N~  p{c  +  a)-\-q{a^-b) 

0.0000111  X  0.644  —  0.0000124  X  0.735 


0.0000111  X  0.735  +  0.0000124  X  0.644 
and  Y  =  —  7°. 


=  —  0.122, 


The  retardation  equals X  46  440  =  910  sec,  or  about  15  min. 

^         360° 

(c)    At  Station  375 ic  =  0. 

The  elevation  of  the  water  is  given  by  h  =  0. 
The  current  velocity: 

4  \  6  

=      4X5.4X0.00014     Vq.,,,.  x  0.334^  +  0.858- X  1.054^ 
21  X  0.96  X  0.0000167 

=:  4.31  ft.  per  sec. 

p  COS.  q  L  sin.^^  p  L  —  q  sin.  q  L  cos.^jj  i 

p  sin.  gi  COS., J  p  i  +  g  cos.  q  L  sin.,^j3  L 

_  1.0000111  X  0.934  X  0.334  —  0.0000124  X  0.358  X  1.054 

""  0.0000111  X  0.358  X  1.054  +  0.0000124  X  0.934  X  0.334 

=  —  0.15,  and  Y  =  8°  30'. 

8°  30' 
The  retardation,  therefore,  will  be  -—— --  X  46  440  =  1  100  sec,  or  about 
'  '  360° 

18  min. 
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(C). — Influence  of  the  Tide  at  Station  375. — 

hg  =  half  amplitude  for    first    part  of  cycle  =  3.05   ft. 

h'^=    "  "  "    second    "      "      "      =  1.525  ft. 

It  is  evident,  by  inspection  of  the  equations,  that  the  results  found 

under  (B)  for  retardations  will  be  the  same.     For  the  height  of  water 

and  the  velocities,  the  corresponding  figures  should  be  multiplied  by  the 

.3.05  1  •  525 

ratio,  '-^ — ,  for  the  first  half,  and  by  -^ — '-  forthesecond  half,  of  the  cvcle. 
5.4  -^     5.4 

(a)   At  Station  80 x  =  0. 

The  elevation  of  the  water  is  given  by  h  =  0. 

The  maximum  velocity  will  be 

Q  05 
4.31   X  — —  =  2.43  ft.  per  sec.  for  the  first  half 
5.4 

1.52.5 

and  4.31  X  =  1.22  ft.  per  sec.  for  the  second  half  of  the  cycle. 

5.4 

The  retardation  of  the  maximum  velocity  will  be  18  min. 

(&)   At  Station  227  +  50 a;  =  14  750  ft. 

3 .05  ^  , 

The  maximum  water  elevation  equals  2.70  X  — — r  =    1-53  ft.   and 

5.4 

1  525 
2.70  X     '         =  0.77  ft.,  respectively. 
5.4 

The  retardation  is  4  min. 

3 .  05 
The  maximum  velocity  equals  4.4  X  — — -    =    2.49  ft.   per  sec.   and 

5.4 

1  525 
4.4  X  — — -  =  1-25  ft.  per  sec,  respectively. 
5.4 

The  retardation  is  15  min. 

(c)    At  Station  375 a;  =  L  =  29  500  ft. 

The  elevation  of  the  water  is  given  by  ?i  =  h^  sin.  o  t. 

3.05 
The  maximum  velocity  will  be  4.35  X  +—  =  2.46  ft.  per  sec.  and 

1  52.5 
4.35  X     "       =1,23  ft.  per  sec,  respectively. 
5. 4 

The  retardation  is  4  min. 

(D). — Combination  of  (B)  and  (C). — Figs.  34,  35,  and  36  show  the 
velocities  at  Stations  80,  227  +  50,  and  375,  and  Fig.  37  shows  the 
water  elevation  at  Station  227  +  50,  all  platted  as  ordinates  to  the 
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times,  which  are  considered  as  the  abscissas  of  the  curves.  The  curves 
in  full  lines  show  the  observed  velocities  reduced  to  mean  velocities; 
the  curves  in  dotted  lines  show  the  component  velocities  plotted  as  sine 
curves  to  the  computed  maximum  values,  which  have  been  located 
according  to  the  figured  retardations;  and  the  curves  in  lines  of  dashes 
and  dots  the  resulting  velocities,  the  components  having  been  added 
graphically.     The  same  method  has  been  followed  in  preparing  Fig.  37. 


Fig.    35. 

It  should  be  noted  that  no  observations  were  taken  at  Station 
227  +  50,  but  they  were  made  at  Station  225,  only  250  ft.  distant.  The 
latter  have  been  taken  for  the  sake  of  comparison. 

The  cross-section  of  the  canal  at  Station  375  is  actually  very  much 
larger  than  designed,  the  area  below  mean  sea  level  being  5  900  sq.  ft. 
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In  platting  the  results  for  this  station,  therefore,  the  computed  veloci- 

4  510 

ties  have  been  multiplied  bv  the  ratio, =  0.765. 

^  •  5  900 

S. — Results. — Inspection  of  Figs.  34,  35,  36,  and  37  shows  a  re- 
markably close  check  between  computed  and  observed  conditions,  in  so 
far  as  the  water  elevations,  maximum  velocity  of  the  current,  and  the 
time  of  maximum  current  and  slack  water  are  concerned.  The  greatest 
deviations  for  maximum  velocities  occur  at  Station  80,  where  they 
amount  to  more  than  10  per  cent.  They  are  somewhat  smaller  at  Sta- 
tion 375,  and  the  results  check  almost  exactly  at  Station  227  -\-  50. 

VELOCITIES  AT  STA.  375  +  00 


Fig.  37. 
The  discrepancy  at  the  ends  can  be  explained  by  the  fact,  as  dealt  with 
in  detail  in  another  part  of  this  paper,  that,  at  these  stations,  for  out- 
flow a  smaller  and  for  inflow  a  greater  percentage  of  reduction  should 
be  applied  to  the  float  observations,  in  order  to  arrive  at  the  true  mean 
velocity  of  the  cross-section.  If  the  reduction  factors  of  68  and  85%, 
respectively,  which  are  believed  to  be  the  true  values  for  reducing  the 
center  float  velocities  for  the  terminus  sections,  had  been  applied  to 
the  observed  velocities  at  Stations  80  and  375,  the  differences  of  the 
computed  and  the  reduced  velocities  would  be  negligible  at  these  sta- 
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tions  also.  If,  furthermore,  it  is  considered  that  the  curves  of  observed 
velocities  have  been  derived  from  float  observations,  which  evidently 
are  affected  by  accidental  disturbances,  such  as  the  wind,  the  passing 
of  larger  boats,  and  local  changes  in  the  cross-section,  it  may  be  con- 
cluded that  the  computed  results  are  well  within  10%  of  the  actual 
conditions. 

It  cannot  be  denied  that  the  uncertainty  attached  to  the  selection 
of  the  friction  coefficient  cannot  be  entirely  eliminated,  and  therefore 
one  should  not  expect  as  close  results  as  hydraulic  engineers  are  accus- 
tomed to;  for  instance,  in  the  case  of  masonry  conduits  or  pipes  in 
which  the  motion  of  the  water  is  uniform.  It  would  fairly  seem,  how- 
ever, that  a  theory  which  for  this  exceedingly  complex  problem  fur- 
nished results  within  10%  of  actual  observations,  should  be  regarded  as 
satisfactory  and  reliable. 

By  a  further  inspection  of  the  velocity  diagrams,  it  will  also  be 
noted  that  there  is  a  marked  difference  in  the  character  of  the  com- 
puted and  observed  curves,  the  latter  being  much  steeper  near  slack 
water  than  the  former.  The  observed  curve  has  been  reduced  from  the 
float  observations  to  mean  velocities  by  applying  the  factor,  0.78,  to  all 
observed  center  float  velocities.  The  difference  in  the  two  curves  would 
tend  to  show  that  this  factor  varies  considerably  with  the  velocity,  and 
should  be  taken  very  much  smaller  at  low  velocities. 

This  proposition,  which,  so  far  as  the  writer  knows,  lacks  authority, 
might  be  worthy  of  independent  investigation  and  experimentation. 

Finally,  it  will  be  seen  that  the  duration  of  the  westerly  current  is 
appreciably  shorter  than  that  of  the  easterly  current,  which  fact  is  due 
directly  to  the  low  velocities  generated  by  the  Buzzards  Bay  tide  during 
the  second  half  of  the  cycle.  It  will  also  be  noted  that  the  computed 
time  of  maximum  velocities  and  the  computed  time  of  slack  water 
check  within  a  few  minutes  with  the  actual  occurrence  of  these  extremes. 

The  equations  submitted  herewith  are  general,  and  their  use  is  not 
restricted  by  any  other  consideration  than  a  canal  of  reasonably  uni- 
form cross-section.  They  can  also  be  used  for  predicting  conditions  in 
canals  of  varying  cross-section,  by  dividing  them  into  reaches,  where 
the  cross-sections  can  be  considered  as  sensibly  uniform,  and  by  deter- 
mining the  constants,  C,  D,  C,  and  D'  in  the  General  Equations  (,11) 
and  {12)  from  the  conditions  that  both  ^  and  h  must  be  equal  at  the 
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limits  of  two  consecutive  reaches.  This  calculation,  of  course,  will  be 
very  much  more  complicated  than  that  shown  in  this  paper,  but  it  is 
the  only  way  of  getting  reliable  results  in  the  case  where  the  canal  is 
long  and  the  cross-section  varies  considerably. 

Approximate  Methods. 

For  a  uniform  canal  connecting  tidal  bodies  of  water,  approximate 
formulas  to  predict  velocities  may  be  used,  with  certain  restrictions, 
giving  results  which  for  maximum  conditions  will  not  be  very  far  from 
the  actual  velocities,  and,  at  any  rate,  can  be  used  for  the  evaluation 
of  the  friction  coefficient  to  be  used  in  the  exact  formulas. 

9. — Uniform  Flow  Formulas. — The  formulas  used  to  determine  the 
velocity  of  uniform  flow  in  canals  (with  the  exception  of  the  exponential 
formulas,  which  have  been  disregarded  in  this  discussion)  all  have  the 
form  of  the  well-kno^^Ti  Chezy  formula 

y  =  C  V  B^, 

where 

V  denotes  the  uniform  velocity  of  the  flow; 

,   ,  .  wetted  area 

R         "  "     h5'araulic  radius  ot  the  section  = :; ; 

wetted  perimeter 

S        "         "     slope  of  the  water  surface  or  canal  bed,  supposed 
to  be  parallel  to  each  other 

difference  in  elevation  at  the  ends 
lensjth  of  canal  ' 

C  is  a  coefficient,  dependent  chiefly  on  the  roughness  of  the  peri- 
meter, also  on  the  slope  and  the  hydraulic  radius  of  the  cross- 
section. 

The  several  formulas  in  use  differ  only  in  the  different  methods 
of  establishing  this  coefficient. 

In  order  to  be  able  to  apply  these  formulas  to  a  canal  in  which  tidal 
motion  takes  place,  the  fact  must  be  disregarded  that  the  bottom  for 
most  of  the  time  has  a  slope  different  from  that  of  the  surface,  and 
one  must  consider  the  surface  slope,  assumed  to  be  a  straight  line,  as 
being  =  S.  An  average  value  of  R  must  be  introduced  into  the 
formulas.  These  assumptions  made,  it  is  evident  that  the  velocity 
becomes  proportional  to  the  square  root  of  the  difference  in  elevations 
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at  the  ends  of  the  canaL  In  Fig.  38,  therefore,  are  platted  the  mareo- 
graphs  at  Stations  SO  and  375  in  such  a  way  that  the  difference  in 
levels  can  be  read  off  for  every  time  point.  Being  interested  in  the 
maximum  value  of  the  velocity,  let  the  following  formulas  be  applied 
to  the  maximum  difference  in  levels,  which  occurred  at  6.45  a.  m., 
and  amounted  to  5.85  ft.  The  hydraulic  radius  of  the  canal  at  this 
time  averages  18. G  ft.,  the  stage  of  the  water  being  very  low. 


Fig.   38. 

(a). — Bazin's  Formula. — The  great  pioneer  of  hydraulic  researchers, 
Bazin,  has  derived  a  formula,  intended  for  the  calculation  of  flow  in 
open  channels,  in  which  it  is  assumed  that  the  coefficient,  C,  does  not 
vary  sensibly  with  the  slope.    The  formula  (in  foot  imits)  reads 


0.552  + 


V-R 


where  the  values  of  m,  corresponding  to  the  frictional  constants  given 
on  page  121,  are  0.85,  1.30,  and  1.75,  respectively. 

With  this  last  value  of  m,  C  becomes  equal  to  90.6,  and 


,'  =  90.0  ^ 


5  S.5 
18.6  X   -.'''J^^  =  5.0  ft.  per  sec. 
zy  oOU 
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(&). — Eytelwein's  Formula* — This  is  written  in  a  different  form 
from  the  Chezy  formula,  expressing  the  velocity  as  a  function  of  the 
head,  that  is,  the  difference  in  elevations  at  the  ends  of  the  canal. 


■2q  , 

s/li^  —  h^ 


1  +  '^ 

It 

Of  course,  there  is  no  difficulty  in  bringing  this  formula  back  to  the 
form  of  the  Chezy  formula,  in  which  case  it  would  read 


where  E  is  the  frictional  constant  and  g  is  the  acceleration  of  gravity. 
With  the  value,  K  =  0.00756,  and  the  other  quantities  substituted, 


2  X  32.2  / 

V5.S5  =  5.38  ft.  per  see. 


0.00756X29  500 


18.6 

(c). — Kutter-Ganguillet     Formula. — This     formula     assumes     the 
coefficient,   C,  to  vary  with  the  slope  as  well  as  with  the  roughness 
of-  the  bed  and  the  hydraulic  radius.     The  expression  for  the  velocity 
in  this  formula  (in  foot  units)  reads, 
1.811    ,  0.00281 


41.6  + 


S 


0.00281 


+  (41.0  4    ^) 


sf  B  S  =  C  \/BS. 


\/  R 

The  values  of  n,  corresponding  to  the  frictional  constants,  are  0.02, 
0.025,  and  0.03,  respectively. 

With  this  last  value  of  n,  C  becomes  equal  to  83,  and 


y  =  83  X   V  1 18.6  X     '^"'^^  =  5.04  ft.  per  sec. 
Ni  29  500 

This  result  was  used  for  evaluating  the  coefficient,  f^',  in  the  harmonic 
solution  of  the  problem. 

(d). — Ec marls. — The  application  of  the  foregoing  formulas  to  the 
Cape  Cod  Canal  and  the  comparison  of  the  results  with  the  observa- 
tions, show  a  reasonable  check,  in  so  far  as  maximum  velocities  are 
concerned.     This  was  to  be  expected  in  the  case  of  a  comparatively 

•  This  formula  was  used  by  the  officers  of  the  U.  S.  Coast  and  Geodetic  Survey, 
when  asked  by  the  writer  to  predetermine  the  velocities  in  the  Cape  Cod  Canal. 
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short  canal,  where  the  retardation  of  the  wave  due  to  friction  amounts 
only  to  a  few  minutes,  and  therefore  the  maximum  slope  of  the  stream 
is  sensibly  equal  to  the  maximum  difference  in  water  levels  at  tlie 
ends  divided  by  the  length  of  the  canal.  In  the  case  of  long  canals, 
the  formulas  for  uniform  flow  become  unreliable,  giving  much  lower 
results  than  the  actual.  In  the  case  of  short  canals,  and  considerable 
differences  in  head,  on  the  other  hand,  the  formulas  will  become  inac- 
curate because  the  basic  assumptions  that  the  slope  of  the  water  and 
that  of  the  canal  bed  are  nearly  parallel  will  not  be  true.  It  can  be 
stated,  on  the  basis  of  trial  calculations  not  reproduced  here,  that, 
for  a  canal  similar  to  the  Cape  Cod  Canal  in  cross-section  and  rough- 
ness of  bed,  the  uniform-flow  formulas  will  furnish  too  high  or  too 
low  velocities,  according  as  the  length  is  such  as  to  make  q  L  smaller 
or  greater  than  0.45. 

VELOCITIES  CUWIPUTED  BY  DIFFERENT  FORMULAS 
COMPARED  WITH  OBSERVED  VELOCITIES. 


Fig.  39. 
It  can  also  be  seen  that  the  formulas  for  uniform  flow  can  be  applied 
only  in  cases  where  there  is  considerable  difference  in  the  amplitude  of 
the  tides  at  the  two  ends  of  the  canal,  or  where  there  is  a  considerable 
difference  in  the  phases  of  the  tides.  With  equal  tides  and  coincident 
phases,  these  formulas  would  furnish  zero  velocities  for  all  sections, 
whereas,  actually,  there  will  be  considerable  motion  at  the  ends  of  a 
canal  several  miles  long,  the  velocities  diminishing  toward  the  middle 
of  the  canal.  Fig.  39  shows  the  velocity  in  the  Cape  Cod  Canal  as  com- 
puted by  Kutter's  formula  for  the  whole  range  of  observations  on 
August  26th,  1915,  as  compared  with  the  results  by  the  modified  Airy- 
Levy  formulas  and  the  actual  measurements. 
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{10). — Formula  for  Permanent  Non-Uniform  Flow. — Due  to  the 
fact  that  maximum  velocity  in  the  canal  occurs  near  the  time  when 
the  difference  in  elevations  at  the  ends  of  the  canal  is  a  maximum, 
and  due  also  to  the  fact  that  a  change  from  this  condition  is  at  a 
comparatively  slow  rate,  the  canal  for  maximum  velocity  can  be 
considered  as  one  with  very  nearly  horizontal  bottom,  connecting  two 
seas  of  different  elevations,  discharging  water  from  the  higher  to  the 
lower. 

The  method  of  computation  hereafter  shown  is  given  in  "Handbuch 
der  Ingenieurwissenschaften"  by  Professor  Bubendey  of  Hamburg,  but, 
to  the  writer's  knowledge  has  never  been  published  in  English. 


7  ^  "(^       F^  C" 


Fig.  40. 
The  differential  equation  of  non-uniform  flow  in  channels  reads 
fZj  _ 
d  X 

where  Q  =  constant  discharge  of  canal ; 
F  =  area  of  cross-section ; 
X  =  wetted  perimeter  of  cross-section ; 
g  =  acceleration  of  gravity ; 

C  =  the  constant  in  Chezy's  formula,  u  =  C  \/  B  S. 
a  =  a  constant,  the  value  of  which  is  1.11  according  to 
St.  Venant. 
The  meaning  of  the  other  symbols  is  shown  in  Fig.  40. 

There  will  first  be  derived  the  working  formula  for  a  parabolic  cross- 
section  and  then  be  shown  how  a  trapezoidal  section  can  be  transformed 
into  an  equivalent  parabolic  section.  As  an  allowed  approximation, 
assume  that  the  width  of  the  water  surface,  h  =  X,  the  wetted  peri- 
meter.    Then 

X  =  6  =  2  \/p7 
where  P  =  the  parameter  of  the  parabola   and  t  =  the  maximum 


136  THE   CAPE  COD   CANAL 

depth  of  the  cross-section.     From  the  well-known  properties  of  the 
parabola, 

3        9 

F=~  \/  Ftt,  aud  F^  =  ^  ^ 

clF  _        i    ^  d  t     1    d  F  27        dt      X  27 


d  X  d  X   F^   d  X  32  P  «*  d  x '  F^  32  P  t* 

As  dz  =  —  dt,  according  to  the  figure,  substituting  the  other  values  in 
the  differential  equation,  we  get 

dt    _    27  a  Q^     dt  27  Q^ 

Ifx    ~~  32  gr  P  <*   ~dx   ~  32G'2Pi* 
and  from  this,  separating  the  variables, 

aC\  32  C^  P   ,  , 

fZ  X  = d  t ^^  ^„    r  ft  i 

g  27  Q2 

Integrating  between  the  limits,  .Tq,  ig,  and  cc^,  ^^,  we  get 

aC^  32  C^P   ,    , 

•^■l  -  ^^0  =  ^   (tL  -  to)  -  Y^^g,  (t^^  -  V) 

which  equation  is  a  complete  solution  of  the  problem.  With  given 
water  elevations  at  the  ends  of  the  canal,  and  given  dimensions  of 
the  cross-section,  the  discharge,  Q,  can  be  found.  After  Q  is  computed, 
the  values  of  x  corresponding  to  different  values  of  t  (between  i^  and 
t^)  can  be  found  aud  the  surface  curve  platted.  With  the  help  of 
the  surface  curve,  the  areas  of  the  wetted  cross-sections  at  any  point 
can  be  measured,  and  consequently  the  velocities  can  be  determined 
by  dividing  Q  by  the  corresponding  areas. 

Let  F^,  h^,  and  F^,  6„  be  the  area  and  surface  width  of  the  trape- 
zoidal cross-sections  at  the  outlet  and  inlet  ends  of  the  canal,  respec- 
tively, then  the  parameter  of  the  equivalent  parabola  is 


2    V6  -Fi       6  fJ 


Let  a^'  and  a^"  represent  the  distance  of  the  vertex  of  the  parabola 
from  the  lower  sea  level,  at  the  outlet  and  inlet  ends,  respectively,  and 
let  h  =  the  difference  in  levels,  then 

2  2 
—  «j'  ?jj  =  Pj  and  — 

3  •) 

and  the  average 

a/  +  a," 

«,    =   — 7i —• 


«/  \  =  Pj  and  —  (rt/'  +  h)  h.^  =  F.^ 
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If  II'  and  t^'  are  the  actual  depths  of  the  trapezoidal  cross-sections  at 
the  outlet  and  inlet,  then 


tL  =  i'L  +  (^<]  —  I'l)  =  «j 


and 


0  =  V  +  ("i— ^i') 
^Q  and  ti,  being  the  maximum  depths  of  the  substituted  parabolic  sec- 
tions at  the  inlet  and  outlet,  respectively. 

Applying  the  formula  for  the  conditions  prevailing  at  the  time  of 
the  maximum  difference  in  levels  on  August  26th,  1915,  the  water  ele- 
vations at  Stations  80  and  375  are  found  to  be  95.25  and  101.1,  respec- 
tively, the  current  being  easterly.  These  elevations  being  platted  in 
Fig.  41,*  the  following  data  are  obtained : 
a-Q  =  0  V    =  29.75  ft. 

XL  =  29  500     II'  =  23.90  ft.     h  =  5.85  ft 
F,  =  3  532.4  sq.  ft.       &,  =  195.6  ft. 
Fj  =  4  745.1  sq.  ft.       h,  =  219.0  ft. 
0  =  83  (by  Kutter). 

195.6^  219.0^ 


361. 
3X3  532.4 


1  /     195.6^  219.0'^     \ 

~  2  \6X3  532.4      6X4  745.1/  ~ 

a/  = 
3  (474.^ 


Fig.  41. 


2  X  195.6 

9 


=  27.1 


■45.1 


X  5.85  X  219 


2  X  219 
27.1  -f  20.7 


=  26.' 


=  20.9 


tL  =  26.9  ft.         t^  =  29.75  -f  (26.9  —  23.9)  =  32.75  ft. 
Substituting  these  values  in  the  equation,  we  have 

32  X  832  X  361 


29  500  =  ^-^L^.^^'^"  (26.9 


32.2 


=  —  1  390  + 


32.75)  - 
iS8  000 


Q' 


135  Q-' 
(32.75^  —  26.9^) 


(26.9^—32.75^) 


Q' 


588  000(32.75^ 


26.9^) 

^  =  349  000  000 


30  890 
Q  =:  IS  700  cu.  ft.  per  sec 


*  Fig.  41  is  not  drawn  to  scale. 
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The  maxirauiu  velocity  will  be  at  the  outlet,  or  at  Station  80,  and  is 

given  by 

18  700 

'"'"'■  ^  ¥5S2A  ^  ^'^"^  ^''''' 

This  result  shows  that  the  method  here  presented  gives  maximvim 
velocities,  the  magnitudes  of  which  differ  only  slightly  from  those 
derived  by  the  use  of  the  uniform  flow  formulas.  The  remarks  appended 
to  the  latter  apply  to  this  method  without  exception;  in  approximate 
calculations  it  should  be  used  for  short  canals,  to  which  the  uniform 
flow  formulas  do  not  apply  on  account  of  the  appreciable  difference 
between  the  slope  of  the  water  and  the  slope  of  the  canal  bed. 

11. — French  Academy  of  Sciences'  Formula. — In  1886,  Count  Ferdi- 
nand de  Lesseps,  Chief  Engineer  of  the  French  Isthmian  Canal  Com- 
pany, asked  the  Academy  of  Sciences  to  institute  an  investigation  about 
the  influence  of  tidal  motion  of  the  Pacific  and  Atlantic  on  the  motion 
of  the  water  in  an  open  Panama  canal.  A  committee,  consisting  of 
Messrs.  Daubree,  Pave-Lalanne,  de  Jonquieres,  Boussinesq,  and  Bou- 
quet de  la  Grye,  was  appointed  by  the  Academy  to  answer  the  request 
of  Count  de  Lesseps,  and  reported  on  the  subject  on  May  31st,  1887. 
The  report  in  its  essence  says : 

1. — That  the  tidal  variations  at  the  Atlantic  end  of  the  proposed 
canal  are  so  small  as  to  be  neglected. 

2. — That  experience  shows  that  in  a  canal  communicating  on  the 
one  end  with  a  sea  of  variable  level,  on  the  other  end  with  a  lake  of 
constant  level,  the  amplitude  of  the  tidal  curve  diminishes  uniformly 
from  the  sea  to  the  lake,  and  further  that  the  retardation  of  the  tide  is 
proportional  to  the  distance,  that,  therefore : 
If  F  =  half  amplitude  of  the  tide, 
I   =  length  of  the  canal, 

w  =  velocity  of  propagation  of  the  tides,  and 
t  =time,  in  seconds,  measured  from  the  instant  of  low  water 
at  the  sea,  and  24  lunar  hours  being  equal  to  2  r),  then  the 
level,  y,  with  respect  to  the  mean  canal  or  sea  level,  at  a  dis- 
tance, X,  from  the  sea,  will  be 

"  =  -^0-7)'^''- (^'-D- 

3. — That,  in  accordance  with  what  has  been  observed  on  similar 
canals,  particularly  on  the  Suez  Canal  between  Suez  and  the  Bitter 
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Lakes,  the  velocity  of  propagation  of  the  tide  can  be  represented  by 
the  formula: 


=  ^9  (^  +  |?/)±  A't', 


where  H  =  depth  of  canal  below  mean  sea  level, 

V  =  velocity  of  current, 
Z  =  constant  (0.4  at  flood  tide,  1.2  at  ebb  tide). 

4. — That,  from  the  levels  which  have  been  derived  by  the  foregoing 
equations  for  any  moment  and  for  two  mutually  not  too  distant  places, 
the  velocity  of  the  current  for  any  moment  may  be  computed  by  apply- 
ing the  formula 

The  velocities  should  be  computed  for,  say,  every  half  hour  of  the 
cycle,  and  the  results  tabulated;  from  this  table  the  maximum  velocity 
can  easily  be  pointed  out. 

In  applying  this  method  of  computation  to  a  canal  connected  to 
tidal  seas  at  both  ends,  the  influences  of  the  individual  tides  on  the 
water  elevations  should  be  treated  separately  and  the  results  added, 
with  due  regard  to  the  sign  of  the  slopes.  The  velocities  should  be 
calculated  on  the  basis  of  the  resulting  slopes. 

In  order  to  check  this  formula  against  the  Cape  Cod  observations, 
let  it  be  applied  to  Station  227-1-  50,  admitting  for  the  velocity  of  wave 
propagation  the  approximative  value  of 


w  =  \/g  H  =    \/32.2  X  28.65  =  30.7  ft.   per  sec. 

The  maximum  velocity  at  Station  227-f-50  occurred  at  7.00  a.  m., 
and  low  water  at  Station  80  was  at  5.35  A.  M.,  and  at  Station  375  at 
2.50  A.  M. 

Taking  first  the  influence  of  the  tide  at  Station  80,  and  considering 
that  the  lunar  time  is  0.97  X  solar  time  (nearly)  : 

For  X  =  14  750  ft. 

,       .,        14  750,  0.  ^'7(2X88X00-^)   3e0» 

y  ^  —  5.4   (1 )  cos. — — - — 

V  29  500/  86  400 

=  —  5.4  X  0.5  X  cos.  39°  20'  =  —  2.09  ft. 

*  As  a  matter  of  fact,  the  Committee,  having  in  mind  the  special  problem  of  the 
Panama  Canal,  suggested  the  formula,  i;  =  56.86  J  B  S  —  0.07   (metric). 


360° 
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At  a  distance  1  000  ft.  from  this  station,  or  for  x  =  15  750  ft., 

/  15  750\ 

,__„  0.97   (2X85X00--—^) 

/  lo  ti^O\  \  .JO.  <    / 

w  =  —  5.4   (  1  — I  COS. 

^  V  20  500/  86  400 

=  _  .5.4  X  0.466  X  COS.  3')°  10'  =  —  1.95  ft. 

2.09  —  1.95 

The  slope,  6',  = =  0.00014. 

^    '     '  1  000 

The  influence  of  the  tide  at  Station  375  will,  by  inspection  of  Figs. 
29  and  30,  increase  this  slope,  the  half  amplitude  being  3.05  ft. 

For  a;  =  13  750  ft. 

13  750^ 


=  —  3.05  ( 


,_  ^  0.97(^2X250X60 -^-^^360° 

13  7.30\  \  30.7  / 


1  —  ^7^ — —  I   cos. 


29  500/  86  400 

=  —  3.05  X  0.534  X  cos.  119°  .30'  ==  0.802  ft. 

For  a;  =  14  750  ft. 

/  14  750\ 

0.97(2X250X60-^^)360° 

„  =  -  3.06  (1  -  2^,^)  COS. ^^^ 

=  _  3.05  X  0.5  X  COS.  119°  20'  =  0.749  ft. 

0  QQo 0  749 

The  slope,  S,  =    '  ' =  0.000053. 

The  resultant  slope  =  0.00014  +  0.000053  =  0.000193. 
Substituting  this  in  the  Chezy  formula,  and  applying  Kutter's  co- 
efficient for  C,  we  get 


V  =  83\/l8.6  X  0.000193  =  4.97  ft.  per  sec, 

a  result  which  checks  the  observed  velocities  very  closely. 

The  method  here  described  has  been  thoroughly  discussed  and  criti- 
cized in  a  paper  by  Dr.  C.  Lely,*  who  finds,  in  connection  with  studies 
relating  to  the  Panama  Canal,  that  the  formula  can  be  considered 
only  as  fairly  approximate,  but  by  no  means  accurate,  because  it 
does  not  comply  with  the  law  of  continuity. 

Judging  from  the  remarkably  close  result  furnished  by  the  formula 
of  the  French  Academy  of  Sciences  when  applied  to  the  Cape  Cod 
Canal,  one  must  conclude  that  this  formula  gives  the  best  approximate 
method  for  predicting  the  numerical  value  of  tidal  currents  in  canals 

•  Proceedings,  Amsterdam  Academy  of  Sciences,  April  26th,  1907. 
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connecting  two  tidal  seas.  The  objections  to  it  which  can  be  raised, 
namely,  that  the  assumption  given  under  Paragraph  2  is  not  exact, 
because  the  amplitude  of  the  tidal  curve  cannot  be  a  linear  function 
of  the  distance,  and  the  method  of  computing  the  velocities  by  the 
application  of  a  uniform  flow  formula,  not  being  accurate,  are  not 
serious  for  maximum  values.  The  inaccuracy  of  the  formula  is  much 
more  evident  at  low  velocities.  In  other  words,  near  the  time  of  the 
reversal  of  the  current,  the  velocities  deduced  by  its  use  change  direc- 
tion with  the  reversal  of  the  slope,  though  it  is  a  fact  that,  for  a  con- 
siderable time  after  the  slope  inclination  has  changed,  the  current 
still  flows  in  the  original  direction.  For  canals  as  long  as  to  make 
q  L  equal  0.55  or  more,  this  formula  should  be  used  to  evaluate  the 
friction  coefficient,  f^,  to  be  used  in  the  formulas  derived  by  harmonic 
analysis. 

Conclusions. 

The  writer  has  endeavored  to  give  a  complete  treatise  on  the 
question  of  tidal  currents  in  canals,  so  as  to  enable  the  reader  to  gain 
a  clear  idea  of  this  complex  phenomenon,  and  has  indicated  the  methods 
which  can  be  used  in  predicting  the  magnitudes  of  such  currents  for 
given  conditions. 

There  is  no  doubt  in  the  writer's  mind  that  the  Airy-Levy  formulas, 
derived  by  harmonic  analysis,  with  the  modification  proposed  by  the 
writer,  represent  the  only  rational  method  for  solving  the  hydro- 
dynamic  problems  arising  within  a  tidal  canal.  This  metliod  is  fully 
treated  under  the  heading  "The  Solution  of  the  Problem  by  Harmonic 
Analysis."  The  formulas  for  the  evaluation  of  the  elevation  of  the 
water  and  the  velocity  of  the  current  at  any  instant  are  given  in 
Section  5,  page  115,  the  proposed  modification  of  the  same  to  meet 
actual  conditions  is  discussed  in  Section  6,  page  120,  and  the  numerical 
application  of  the  method  is  shown  in  Section  7,  page  121. 

It  is  questionable,  however,  whether  or  not,  in  practice,  the  re- 
finements and  complicated  numerical  work  connected  with  the  harmonic 
analysis  are  justifiable.  The  principal  assumptions  on  which  all  the 
formulas  are  necessarily  based,  namely,  the  prevalence  of  a  uniform 
cross-section  and  a  uniform  friction  coefficient,  are  never  quite  true 
in  the  practical  case  of  a  canal  dug  in  earth;  and  both  cross-section 
and  friction  coefficient  are  apt  to  change  materially  with  time.  A 
number  of  other  factors   influencing  the  motion   of  the  water,   such 
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as  wind,  drainage  of  the  water-shed  tributary  to  the  canal,  etc., 
cannot  be  taken  into  consideration  at  all,  and,  a  priori,  reduce  all 
analytical  results  to  the  grade  of  a  more  or  less  fair  approximation. 
In  addition,  it  should  be  noted  that  the  designer  of  a  canal  is 
interested  chiefly  in  the  maximum  velocity  which  may  occur  under 
given  tidal  conditions,  and  the  behavior  of  the  current  for  other 
values  has  little  interest  for  him. 

It  would  appear,  therefore,  that  the  approximate  methods  of  cal- 
culation shown  in  this  paper  should  be  used  for  the  practical  evalua- 
tion of  the  velocities  in  canals  subjected  to  tidal  influences. 

Three  such  methods  have  been  suggested  herein :  In  Section  9, 
pages  132-133,  Bazin's,  Eytelwein's,  and  Kutter's  formulas  relating  to 
uniform  flow  are  given.  The  formulas  based  on  permanent  but  non- 
uniform flow  are  treated  in  Section  10,  page  135.  and  those  recom- 
mended by  the  French  Academy  of  Sciences,  i.  e.,  taking  the  velocity  of 
propagation  of  the  tidal  wave  into  consideration,  are  shown  in  Section 
11,  page  138. 

In  the  detailed  discussion  of  these  different  formulas,  the  writer 
has  shown  that  none  of  them  can  be  adopted  for  general  application, 
but  that  each  of  these  approximate  methods  is  best  suited  for  certain 
distinct  classes  of  canals,  and,  therefore,  they  should  be  used  with 
caution. 

The  niimerical  results  obtained  by  applying  the  approximate 
methods  to  the  Cape  Cod  Canal  would  indicate  that  the  formulas 
for  uniform  flow  will  give  good  results  for  a  canal  having  the  same 
characteristic  features,  both  as  to  design  and  physical  composition 
of  channel  bed.  The  approximate  frictional  factor  to  be  used  for  a 
canal  of  this  type  is  0.03  in  Kutter's  formula.  For  other  types  of 
canals  no  such  comparative  statement  can  be  made,  because  of  the 
small  number  of  existing  tidal  canals  and  the  lack  of  accurate  infor- 
mation in  regard  to  the  velocities. 

The  writer  believes,  however,  that  the  results  obtained  by  the 
application  of  the  rational  method  (which  are  as  accurate  as  can  be 
at  the  present  status  of  the  science)  furnish  excellent  means  to  deter- 
mine the  limitation  of  the  use  of  the  three  practical  methods  presented. 
Therefore,  taking  these  results  as  a  measure  of  accuracy,  the  writer 
makes  the  following  recommendations : 
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(a). — For  tidal  canals,  the  length,  cross-sectional  dimensions,  and 
frictional '  characteristics  of  which  are  such  as  to  make  q  L 
less  than  0.35,  use  the  formulas  for  permanent  non-uniform 
flow. 

(h). — For  canals  where  q  L  lies  between  0.35  and  0.55,  use  the 
formulas  for  uniform  flow. 

(c). — For  canals  where  q  L  is  greater  than  0.55,  use  the  formulas 
of  the  French  Academy  of  Sciences. 

In  q  L,  L  is  the  length  of  the  canal,  in  feet,  and  q  has  the  value 
given  in  Equation  (8),  representing  the  influences  of  the  form  and 
area  of  the  cross-section  and  the  frictional  properties  of  the  channel 
bed.  This  value,  q,  being  dependent  on  a  great  number  of  variable 
factors,  cannot  be  represented  by  a  diagram  of  general  applicability, 
and  should  be  evaluated  in  each  individual  case.  To  overcome  the 
ambiguity  caused  by  the  fact  that  q  is  also  dependent  on  the  velocity 
to  a  certain  extent,  as  a  rule,  a  few  trial  calculations,  as  explained 
on  page  120,  will  be  necessary  to  arrive  at  the  correct  governing 
value  of  the  product,  q  L. 

Applying  the  proposed  criteria  to  canals  of  the  type  of  the  Cape 
Cod  Canal,  i.  e.,  having  nearly  the  same  cross-section  and  the  same 
consistency  of  channel  bed,  and  being  subjected  to  tidal  differences 
of  about  the  same  magnitude,  it  can  be  stated  that,  for  predicting  the 
maximtmi  velocities  in  such  uniform  canals : 

If  they  are  not  longer  than  about  5  miles,  use  the  formula  for 

permanent  non-uniform  flow; 
If  their  length  is  between  5  and  SJ  miles,  use  the  formulas  for 

uniform  flow  (Bazin,  Kutter,  etc.)  ; 
If  they  are  longer  than  8J  miles,  use  the  formulas  of  the  French 

Academy  of  Sciences. 
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Discussioisr 


Clemens  Herschel/-^  Past-President,  Am.  Soo.  C.  E.  (by  letter). 
— To  construct  and  turn  over  for  operation  a  public  work  that  has 
been  in  contemplation  for  300  years,  assuredly  makes  its  chief  engineer 
deserving  of  recognition  and  praise  from  the  Profession  and  from 
the  general  public;  but  when  to  this  is  added  a  carefully  written 
account  of  the  history  of  that  work,  the  details  of  its  construction, 
and  an  engineering  treatise  on  the  underlying  principles  of  its  design 
and  operation,  the  paper  becomes  a  notable  one  for  insertion  in  the 
Transactions  of  the  Society,  and  deserving  the  thanks  of  its  members 
for  the  work  done  in  gathering  the  data  on  which  the  treatise  is 
foimded,  and  in  writing  the  paper  itself.  Especially  is  all  this  true 
in  the  present  instance,  when  so  little  is  generally  known,  even  among 
engineers,  of  tidal  action;  and  when  the  paper  may  be  expected  at 
last  to  put  a  quietus  on  a  delusion  than  which  the  pursuit  of  witchcraft 
was  no  more  brainless;  which  is  capable  of  doing  continued  enormous 
harm;  and  which  is  yet  active  among  us,  as  will  be  shown. 

These  preliminary  remarks  will  sufficiently  show  the  spirit  in 
which  the  writer  approaches  the  task  of  discussing  this  paper,  and 
may  counteract  any  notion  of  his  intending  it  to  be  mere  criticism. 
The  very  fact  of  a  high  value  set  on  the  paper,  has  engendered  in  the 
writer  a  wish  to  have  it  as  near  perfect  as  discussion  can  make  it, 
and  has  caused  him  to  contribute  what  he  can  to  that  end. 

Perhaps  the  most  curious  historical  statement  in  the  paper  is  the 
following  on  page  12 :  "This  contribution  of  General  Foster's 
changed  completely  the  whole  character  of  the  enterprise,  because,  after 
the  publication  of  his  report,  a  canal  with  locks  was  not  again  con- 
sidered." 

The  writer,  who  was  active  in  Cape  Cod  Canal  matters  in  ISTO, 
and  for  40  years  thereafter,  desires  to  point  out  that,  though  locks  could 
not  have  been  seriously  considered  by  engineers,  after  1870,  laymen 
and  competitive  interests  even  yet  speak  of  locks  in  connection  with 
the  Cape  Cod  Canal.  The  charter  of  1870,  antedating  General  Foster's 
report,  contemplated  a  Cape  Cod  Canal  without  locks,  and  no  charter 
granted  since  then  ever  was  or  yet  is  absolutely  secure  from  having  locks 
foisted  upon  it.  The  trouble  that  prejudice  and  ignorance  are  capable  of 
accomplishing  in  the  affairs  of  men  is  not  so  easily  disposed  of  as  the 
paper  before  us  would  cause  us  to  believe;  and  now  for  the  proof. 

The  following  is  from  the  letter-press  book  of  the  writer;  and  will 
the  reader  please  note  the  date: 

*  New  York  City. 
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"Boston,  January  18,  1870.  Mr. 

,,„.  T-  T-,  Herschel. 

'•Thomas  Lamb,  Esq., 

"Prest.  N.  E.  National  Bank, 
"Sir, 

"Agreeable  to  your  desire,  I  have  examined, — to  no  great  degree 
of  completeness  however, — into  the  subject  of  a  Cape  Cod  Ship  Canal. 
I  have  no  doubt  that  a  single  system  of  locks,  as  you  suggest,  is  suffi- 
cient to  operate  such  a  canal  and  is  preferable,  in  more  than  one 
respect,  to  two  systems  of  locks, — one  at  each  end, — and  I  should 
think  such  single  lock  ought  to  be  placed  over  near  the  Buzzards 
Bay  end  of  the  Canal. 

"After  due  reflection  and  some  investigation,  however,  I  think  the 
Committee  appointed  by  the  Senate  and  House  in  1860,  in  their  Report 
of  November  5,  1862,  make  a  soimd  suggestion,  when  they  speak  of 
the  propriety  of  investigating, — which  has  never  been  done, — whether 
a  canal  without  locks  could  not  be  made;  by  making  the  same,  say,  20 
miles  long,  instead  of  7|  miles,  as  then  surveyed. 

"This  would  be  doing  in  canal-building  only  what  has  been  done 
on  every  Railroad  that  ever  was  built ;  also  on  ordinary  canals,  etc. ; 
that  is,  increasing  the  length,  to  diminish  the  descent  or  fall  per  unit 
of  length;  and  I  find  that  such  a  canal  twenty  miles  long  need  not 
have  a  greater  surface  velocity  than  2.2  miles  per  hour,  or  bottom 
velocity  so  great  as  3  ft.  per  second,  at  the  times  of  the  greatest  dif- 
ference of  level  between  the  two  Bays. 

"In  case  of  a  canal  confined  by  artificial  banks  and  having  a  cur- 
rent of  3  ft.  per  second  flowing  through  it  for  a  considerable  length  of 
time,  this  velocity  would  give  good  grounds  for  apprehensions,  and  it 
might  be  impracticable  to  make  the  banlvs  firm  enough  to  resist  it; 
but  with  a  canal  excavated  in  the  natural  soil,  below  the  level  of  the 
surrounding  country  as  this  would  be,  and  having  the  maximum 
velocity  only  twice  in  24  hours  for  a  short  time,  the  difficulties  of  the 
case  can,  I  think,  be  boldly  met  and  overcome  by  simple  precautions 
or  remedies,  to  enumerate  and  describe  which  would  make  this  com- 
munication too  long  and  elaborate.  To  give  you  an  idea  as  to  what 
rank  such  a  velocity  of  current  is  entitled  to,  it  may  be  stated  that 
the  same  and  greater  velocities  exist  in  multitudes  of  inlets  found  on 
every  coast  where  the  tide  flows  in  and  out.  High  waters  and  freshets 
in  rivers  have  velocities  as  great  as  12  ft.  per  second  and  over. 

"I  am  satisfied  that  the  cost  of  a  longer  canal  without  locks  would 
be  about  the  same  as  that  of  the  short  one  with  locks  and  artificial 
harbors;  that  it  would  cost  much  less  to  operate,  and  would  be  more 
used  by  seamen.  Further,  we  are  in  the  one  ease  compelled  to  accept 
of  some  inferior  harbors  or  sites  for  such,  as  termini  of  the  canal, 
while  in  the  other,  we  can  select  good  harbors  to  be  the  vestibules,  if 
I  may  so  call  them,  to  either  end  of  the  canal;  and  in  this  one  item 
alone  I  am  satisfied  that  millions  could  be  saved. 
"Very  respectfully  yours, 

"Clemens  Herschel, 

"Civil  Engineer." 
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The  "sound  suggestion"  referred  to  is  the  one  quoted  on  page  11 
of  the  paper  (page  54  in  the  original  report),  beginning: 

"It  may  not  be  unreasonable  to  suppose  that  some  method  of  avoid- 
ing the  force  of  the  currents  might  be  discovered  without  the  cost  and 
delay  of  using  locks  and  gates." 

As  stated,  the  letter  above  quoted  was  written  after  only  a  very 
brief  consideration  of  the  subject,  and  errs  on  the  side  of  safety,  in 
the  endeavor  to  keep  at  a  minimum  those  terrible  currents,  which,  in 
the  popular  belief  of  the  day  (to  some  minds  yet  existing),  were  going 
to  work  havoc  with  the  geography  of  the  "Old  Bay  State." 

General  Foster's  report  is  dated  May  10th,  1870.  The  Resolve  of 
the  Massachusetts  General  Court,  in  consequence  of  which  General 
Foster's  views  were  called  for  by  a  Congressional  Committee  and  by 
the  Chief  of  Engineers,  is  dated  April  2d,  1870.  The  charter  of  1870 
is  dated  February  26th,  1870. 

To  the  best  of  the  writer's  recollection,  he  brought  to  General 
Foster's  attention,  and  advocated  directly  to  him,  the  advantages  of 
an  open  sea-level  canal;  a  form  of  canal,  which,  at  that  time,  and 
often  since,  somehow  or  other,  has  been  unpopular;  but  which,  in 
most  or  all  cases  of  a  tidal  canal,  is  the  best  form,  and  will  no  doubt 
hereafter   generally   prevail. 

It  was  General  Foster's  merit,  however,  to  cut  loose  from  the  un- 
founded fears  of  a  short-line  Cape  Cod  Canal,  one  built  on  a  route 
only  8  miles  long,  and,  by  computations,  to  show  that  the  surface  slope 
to  be  expected  on  such  a  canal,  and  their  consequently  engendered 
velocities,  need  not  be  feared  as  rendering  ordinary  steam  navigation 
impracticable.     His  report  also  points  out,  in  conclusion: 

"  *  *  *  that  it  may,  and  should  be  made  an  open  canal,  with- 
out locks,  in  order  to  accommodate  the  greatest  number  of  vessels  that 
may  present  themselves  for  passage,  and  at  the  same  time  keep  the 
canal  clear  of  ice"  (and  sand,  he  might  have  added).  That  he  adds, 
"*  *  *  that  a  breakwater  at  the  eastern  terminus  is  necessary  as  a 
protection  to  the  mouth  of  the  canal,  and  important  as  a  harbor  of 
refuge  for  vessels  navigating  the  bay"  (meaning  a  breakwater,  at 
right  angles  to  the  centre  line  of  the  canal,  out  in  deep  water  of  Sand- 
wich Bay) ;  and :  "It  is  also  proposed  to  provide,  as  a  precaution  against 
the  effects  of  very  high  tides,  guard  gates  at  each  end  of  the  canal,  which 
may  be  closed  in  an  emergency  to  avert  danger  to  the  Canal,  but  which 
are  ordinarily  to  be  open" ;  with  an  allowance  of  about  3^  million 
dollars  for  breakwater  and  guard  gates;  that  he  adds  all  this  is  only 
"throwing  a  tub  to  the  whale"  of  popular  clap-trap.  But  there  was 
and  is  one  engineer,  at  least,  who  never  could  stomach  prejudice  and 
self-assertive  ignorance,  come  what  may,  and  he  kept  up  the  contest 
for  an  open  sea-level  canal  without  breakwaters,  or  guard  gates,  or 
any  other  gates,  as  will  presently  appear,  until,  due  to  the  enterprise 
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of  August  Belmont  and  others,  he  had  the  great  pleasure  of  navigating      Mr. 
just  such  a  canal  through  Cape  Cod  in  1914.  ^^^^  ^ ' 

Before  General  Foster's  day  and  since,  many  engineers  have  con- 
sidered it  politic,  expedient,  leading  to  profit,  what  not,  to  defer  to  the 
cry  of  the  populace. 

General  Foster  could  hardly  avoid  estimating  for  the  breakwater, 
because  the  Resolve  above  referred  to,  specifically  called  for  a  break- 
water; and  the  demand  for  safeguarding  the  canal  from  those  terrible 
currents,  was  very  strong. 

General  Foster  left  Boston  in  1872,  and  died  in  1874,  and  thus  was 
prevented  from  actively  furthering  the  construction  of  any  Cape  Cod 
Canal ;  as  he  undoubtedly  would  have  done,  had  he  lived. 

There  were,  of  course,  certain  "interests"  that  did  not  want  the 
canal  built.  The  freight  traffic  between  New  York  and  Boston,  by 
railroad;  by  the  mixed  railroad  and  steamboat  lines;  and  by  one  "out- 
side" line,  was  very  comfortably  fixed;  and  ready  to  cause  others  to  let 
well  enough  alone.  It  was  easy  to  slip  a  clause  into  the  several  charters, 
looking  to  the  construction  of  locks  in,  or  enabling  certain  Boards  to 
force  them  upon  the  canal ;  all  of  which  would  with  almost  certainty 
cause  that  charter  eventually  to  lapse.  For  a  canal,  frozen  up  every 
winter,  built  to  facilitate  winter  trafiic  around  the  Cape,  is  palpably 
an  absurdity;  let  alone  other  most  serious  disabilities  of  such  a  canal, 
as  will  presently  appear. 

Does  any  one  think  that  these  absurdities,  and  arguments  for  having 
them  come  into  being,  are  extinct?  If  so  let  him  turn  to  page  100  of 
the  "First  Annual  Report  of  the  Commission  on  Waterways  and  Public 
Lands",  of  Massachusetts,  for  1916  (issued  as  this  is  written),  and  read 
as  follows:  "Requisitions  *  *  *  pending  a  determination  of  the 
question  of  a  lock,  tidal  gates  or  other  device  for  controlling  the  cur- 
rent of  the  canal,  and  of  other  matters."  Or  let  him  scan  the  much 
abused  1917  United  States  River  and  Harbor  Bill,  the  Section  relating 
to  the  purchase  and  making  of  a  free  channel  (as  it  ought  to  be),  by 
the  United  States,  of  the  "Waterway  connecting  Buzzards  Bay  and 
Cape  Cod  Bay,  Massachusetts",  "with  or  without  a  guard  lock." 

At  variance  with  the  statement  on  page  12  of  the  paper,  the 
writer's  direct  professional  relations  with  the  Cape  Cod  Ship  Canal 
Company  chartered  in  1870,  did  not  begin  imtil  1878.  But  in  one  way 
or  another  he  had  such  relations  with  men  and  corporations  interested 
in  the  project  in  1870,  and  thereafter.  In  this  way  was  written  the 
1878  report  (forty  closely  printed  pages),  on  the  Cape  Cod  Ship  Canal, 
and,  in  1884,  the  Company  chartered  in  1883  reprinted  it  with  addi- 
tions. It  is  to  be  found  in  various  libraries,  and  is  believed  to  have 
been  useful  as  a  source  of  information  on  the  subject  ever  since. 

This  report  is  too  voluminous  to  quote.  It  advocated  for  the  first 
time  an  open  sea-level  canal,  without  locks  or  gates  of  any  kind,  no 
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Mr.  _  harboi'-producing  breakwaters,  two  parallel  jetties  to  extend  the  banks 
of  the  canal  into  the  deep  water  of  Sandwich  Bay;  the  very  type  of 
canal  built  in  1909,  more  than  30  years  later.  One  feature  of  the 
report,  of  course  now  out  of  date,  but  presumably  of  value  as  showing 
a  method  applicable  in  other  such  investigations,  was  a  determination 
of  how  much  the  carrying  of  coal  around  the  Cape,  rather  than 
landing  it  south  of  the  Cape,  had  actually  cost  for  the  10  years,  1868- 
1877,  both  inclusive.  This  was  done  by  looking  over  the  books  of 
several  coal  dealers  each  in  Boston,  Salem,  and  Lynn,  and  comparing 
these  freight  rates  paid,  with  those  paid  by  several  dealers  each  in 
Providence,  Fall  River,  and  ]Srewi)ort;  doing  this  for  every  month 
of  the  120  months  considered;  adjusting  the  difference  found  in  pro- 
portion to  the  proportional  shipments  of  coal  during  the  several 
months  in  the  year  (more  per  month  in  the  summer  than  in  the 
dangerous  winter  months)  ;  and  doing  all  this  twice,  once  with  New 
York  (Rondout),  as  the  shipping  port;  and,  again,  as  coming  from 
Philadelphia.  Two  months,  in  the  10  years,  this  difference  was  $1 
per  ton;  and  for  2  months  it  was  nothing. 

The  true  average  difference  was  57  cents  per  ton,  shipping  from 
Philadelphia,  and  48  cents  shipping  from  New  York.  For  purposes 
of  the  report,  and  attempting  to  foretell  what  that  difference  would 
average  for  the  next  10  years,  30  cents  was  adopted.  And  attention 
was  called  to  the  effect  of  shipping  in  tows  of  barges,  etc.,  etc.  Since 
then,  the  shipments  of  coal  around  the  Cape  have  increased  about 
four-fold. 

To  justify  a  conviction  that  those  currents  that  have  been  spoken 
of  would  not  saw  the  earth  in  halves,  beginning  with  the  slight  notch 
cut  on  its  surface  by  dredges,  and  then  allowing  the  tides  to  act,  the 
author  of  the  1878  report  also  wrote  an  article,*  more  particularly 
for  engineers'  reading,  entitled  "On  the  Erosive  and  Abrading  Power 
of  Water." 

It  may  now  be  thought  that  this  discussion  exaggerates  the  fear 
held  by  some,  and  studiously  engendered  in  others,  as  to  the  effect 
of  the  expected  canal  currents  on  the  Canal.  To  illustrate  what  it 
was,  the  writer  remembers  that  a  colleague  and  sort  of  running  mate, 
half  surveyor,  half  astronomer,  of  "Professor"  Mitchell,  referred  to  on 
page  10,  publicly  denoTmced  the  project  of  an  open  canal,  by  saying 
that  he  would  "as  soon  think  of  turning  loose  Niagara  across  the 
State  of  New  York;"  very  effective  as  a  piece  of  rhetoric,  no  doubt, 
but  less  valuable  as  an  item  of  engineering  judgment  or  knowledge. 
In  February,  1901,  the  writer  was  engaged  to  argue,  and  did  argue, 
before  the  Harbor  Commissioners  of  Massachusetts,  in  favor  of  allow- 
ing the  canal  to  be  built  as  an  open  sea-level  canal.  Other  occasions 
for   the   writer's    activities   in   favor    of    an   open    sea-level    canal    at 

*  Journal,   Franklin   Inst.,    May- July,    1878. 
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Cape   Cod  than  those  mentioned  came  to  pass   during  the  40  years,       Mr. 
1870  to  1910,  but  it  will  be  needless  to  refer  to  them.  '^'^^'"  ^  ' 

Passing  now  to  Part  II,  The  Hydraulics  of  the  Cape  Cod  Canal, 
a  general  review  of  the  situation  must  bring  out,  in  strong  relief, 
the  usual  situation  with  regard  to  the  practical  hydraulic  problem 
of  the  flow  of  water  in  artificial  channels.  Formulas  based  on  data 
observed  in  any  actually  built  channel  or  channels  are  only  approxi- 
mately applicable  to  other  such  channels,  because  none  of  the  channels 
mentioned  is  ever  mathematically  uniform,  or  regular,  or  exactly 
similar  in  construction;  and  when  based  on  data  procured  from 
specially  constructed  regular  channels,  is  only  approximately  appli- 
cable (by  reason  of  irregularities  found  in  them)  to  channels  as  they 
are  found  in  actual  practice. 

A  classical  example  of  the  first  part  of  the  stated  proposition  is 
that  furnished  by  a  comparison  of  the  discharge  of  the  Sudbury 
Conduit,  built  1873-1883,  supplying  Boston,  and  that  of  the  last-built 
Croton  Aqueduct,  1887-1895,  supplying  New  York  City: 

"These  two  works  were  built  under  practically  identical  leadership, 
and  under  precisely  similar  circumstances  and  conditions,  the  one 
immediately  after  the  other.  The  same  engineers,  the  same  class  of 
materials,  identical  methods  of  construction,  distinguish  them.  Most 
excellently  conducted  gaugings  or  experiments  of  discharge  were  made 
upon  the  Sudbury  Conduit,  and  its  formula  of  discharge  was  com- 
puted when  it  was  new.  Yet  when  such  measurements  were  repeated 
on  the  newly  completed  Croton  Conduit,  only  94.5%  of  the  expected 
results  were  attained."* 

In  a  measure,  this  weakness,  or  inexactness  of  hydraulic  formulas, 
is  recognized  throughout  the  paper;  as  is  also  the  fact  that,  in  com- 
puting for  a  navigation  canal,  an  exact  mathematical  evaluation  of 
expected  currents,  is  of  no  practical  value.  "The  average  skipper 
cares  very  little  whether  he  has  to  tow  (or  run)  against  3.3,  or  3.G, 
or  3.7,  (or  4  or  5)  knots  per  hour,  for  a  distance  of  8  miles."t  The 
several  given  methods  of  computing  probable  future  velocities  in  a 
tidal  canal,  however,  are  of  value  in  giving  engineers  their  choice 
of  which  they  will  use,  and  of  catering  to  the  most  fastidious.  For 
those  who  like  computations  to  the  third  decimal  figure,  based  on  data 
that  are  not  exact  to  one  decimal  figure,  some  of  the  formulas  referred  to 
are  of  the  kind  they  like.  Also  of  value  in  demonstrating  that  the  re- 
sults of  computation  by  any  and  all  of  the  formulas  given,  differ  only 
within  reasonable  limits.  If  formulas  for  uniform  flow  in  masonry 
conduits,  as  above  mentioned,  differ  by  5.5%,  what  can  be  expected 
of  formulas  that  deal  with  tidal  flows  in  irregular  excavations  in 
sand   and   gravel?     In   the   first   case,    million   gallons   per   24   hours 

*  See  p.  77,  "115  Elxperiments",  by  the  writer.     John  Wiley  and  Sons,  1897. 
f  Journal,  Franklin  Inst.,  May- July,  1878.  ') 
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Mr.  actually  discharged  into  reservoirs  are  sought  after;  while  in  the 
Herschei.  ;ij^^^gj.  j^  jg  Qj^jy  r^  question  whether  the  sides  of  the  canal  can  be  made 
current-resisting,  and  the  canal  itself  navigable,  between  the  limits 
of  "slack  water",  and  a  maximum  to  be  expected  velocity. 

A  word  more  as  to  navigability  in  currents  of  different  value. 
Sailing  vessels  in  tidal  canals  can  be  left  out  of  consideration.  They 
and  small  boats  can,  if  permitted,  drift  through  with  a  favorable 
tide,  at  the  proper  hours,  or  hire  "tows."  Steamers  take  care  of 
themselves,  or  may  be  assisted  through.  As  a  matter  of  fact,  the 
channels  of  commerce  of  the  world  abound  in  swift  water  currents, 
as  shown  in  a  record*  of  such,  prepared  by  the  late  President,  Am.  Soc. 
C.  E.,  Elmer  L.  Corthell.  They  vary,  materially:  7.5  knots  in 
the  St.  Lawrence  River;  10  knots  in  Portland  Firth;  13  knots  in  the 
Gironde,  France;  and  a  multitude  of  others.  On  rapids  in  the  Rhine, 
Elbe,  and  Rhone  Rivers,  (more  than  9  knots),  cable  towing  has  been 
in  use  for  many  years.  It  was  proposed,  if  found  necessary,  for  the 
Corinth  sea-level  canal,  but  was  not  found  necessary. 

An  along-shore  fisherman,  or  navigator,  or  draw-tender,  who  has 
known  the  Monument  River,  man  and  boy,  for  30  or  40  years,  is, 
of  course,  very  much  astonished,  or  may  even  feel  outraged,  on 
viewing  its  ancient  sea  channel,  at  an  hour,  perhaps,  when  there  is 
a  4-knot  or  even  a  5-knot  current  to  contend  with,  to  see  the  tide  now 
running  there.  Had  he  fished,  navigated,  or  viewed  the  Harlem  River, 
we  will  say,  between  the  Hudson  and  the  East  Rivers,  the  same  length 
of  time,  he  would  think  nothing  of  it. 

The  investigations  of  Mr.  Corthell  and  of  his  predecessors  showed 
clearly  that  Tiniformity  of  cross-section,  at  least  in  a  hydraulic  sense, 
(uniform  mean  hydraulic  radius,  and  uniform  depth,  also  a  good 
alignment),  were  the  great  elements  making  for  good  navigability. 
Nothing  so  sensitive  as  a  constriction,  even  only  a  slight  one,  in  a 
tidal  channel. t  Any  one  who  has  worked  in  a  tidal  stream,  with, 
say,  a  10-ft.  tide,  and  has  seen  a  roaring  tideway  quiet  down  to  slack 
water  inside  of  about  2  min.  by  the  watch,  only  to  turn  around  and 
become  a  roaring  tideway  in  the  other  direction  inside  of  another 
2  min.,  will  ever  forget  it,  and  what  it  teaches.  All  changes  of  cross- 
section  must  be  made  very,  very  gradually,  as  has  been  spoken  of  in 
the  paper  under  discussion. 

The  same  considerations  also  make  little  better  than  arrant  non- 
sense of  the  constantly  recurring  proposition,  sometimes  in  very  high 
places,  to  put  "guard-gates",  "tide-locks",  what  not,  into  an  open 
sea-level  canal,  to  be  used  only  occasionally.  It  would  be  impossible 
or    impracticable   to    make    such   guard-gates    or   locks,    of    an    equal 

*  Memoires,  Societe  des  Ingenieurs  Civils  de  France,  1906. 

t  See  the  paper  "On  Waves  of  Translation  that  Emanate  from  a  Submerged 
Orifice,  Together  with  an  Examination  of  the  Feasibility  of  the  Proposed  Bale  Verte 
Canal",  Transactions,  Am.  Soc.  C.  E.  (July,  1875),  Vol.  IV,  p.  185,  by  the  writer. 
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hydraulic  radius  and  depth  and  area  as  the  main  canal;  or,  if  so  Mr. 
made,  to  connect  it  to  the  main  channel  gradually,  and  by  sufficiently  ^erschei. 
slow  degrees.  The  consequence  would  be  that  the  tidal  wave  would 
at  once  pile  up  at  such  a  constriction,  making  there  a  point  of  dan- 
gerous navigation,  back  and  forth,  as  just  referred  to.  And  as  for 
"controlling"  the  currents  in  such  a  channel,  by  the  operation  of 
such  gates,  some  of  the  time,  that  again  is  wholly  impracticable. 
A  "bear-trap"  dam  at  each  end  of  the  canal  might  do  it,  but  would 
not  be  navigable;  and  no  "gates"  of  any  kind  could  with  safety  to 
the  gates  be  operated  in  such  a  canal,  with  or  against  the  current. 

To  the  writer,  it  appears  that  "the  excellent  Homer  nods"  on 
page  104.  Times  of  high  water  at  Stations  410  and  35,  surely  do 
not  control,  nor  are  they  in  the  main  the  results  of,  velocity  of  wave 
propagation  in  the  canal.  Times  of  high  water  at  either  end  of 
the  canal  are  almost  exclusively  dependent  only  on  times  of  high 
water  in  the  ocean  bays  at  either  end,  and  are  very  little  influenced 
by  wave  propagation,  positive  or  negative,  both  of  which  take  place, 
through  the  canal.  The  writer  has  great  respect  for  the  formula  given 
on  page  10.3,  ■?«  =  s/  g  H,  having  himself  by  experiment*  tested  it.  In 
his  opinion,  it  no  doubt  acts  in  full  force  and  continuously  from  both 
ends  of  the  Cape  Cod  Canal,  though,  on  only  8  miles  of  length,  it  has 
small  opportunity  for  producing  any  notable  or  material  effects. 

Again,  on  page  121,  picking  out  "a  stretch  of  uniform  or  nearly 
uniform  cross-section",  "to  test  the  validity  of  the  equations  sup- 
posed to  furnish  the  values  for  the  elevation  of  the  water  and  velocity 
at  any  section  and  time"  will  not  overcome  the  difficulties  of  the 
case.  These  elevations  and  times,  in  the  case  of  a  tidal  canal,  oper- 
ated, as  it  is,  by  the  great  outside  ocean  tides,  are  functions  of  every 
foot  of  the  length  and  depth  of  that  canal,  and  of  its  varying  cross- 
sections,  in  the  open  and  under  bridges,  etc.,  from  ocean  to  ocean. 

In  spite  of  what  has  above  been  said  as  to  methods  of  computing, 
the  writer  ventures  to  add  what  would  have  been,  or  would  be,  his 
method  of  computation,  had  he  been,  or  were  he,  called  on  to  com- 
pute water  heights  and  velocities  in  a  long  sea-level  canal.  It  calls 
for  no  formulas  except  v  =  C  \/  R  S  and  iv  =  ^/  g  H,  and  may  be 
gleaned  or  inferred  from  an  article  of  his,  entitled:  "On  the  Solution, 
Mainly  by  the  Aid  of  Graphical  Construction,  of  a  Problem  in  Prac- 
tical Hydraulics."t  The  diagram  accompanying  this  article  is  here- 
with reproduced  as  Plate  I. 

It  will  be  noticed  that  the  method  referred  to  is  based  on  assuming 
that  the  occean  tide  rises,  not  in  the  form  of  a  sine  curve  (when 
plotted  with  respect  to  times),   but  in   steps  following  a   sine  curve 

*  See  the  paper  "On  Waves  of  Translation  that  Emanate  from  a  Submerged 
Orifice,  Together  with  an  Examination  of  the  Feasibility  of  the  Proposed  Baie  Verte 
Canal",  Transactions,  Am.  Soc.  C.  E.  (July,  1875),  Vol.  IV,  p.  185,  by  the  writer. 

t  Journal,  Franklin  Inst.,  1871-72,  pp.  105  and  181. 
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Mr.       in  outline.     Then,  by  taking  the  "tread"  of  these  steps  as  short  as 
eisc  e .  j^^y  l^g  desired,  any  desired  degree  of  coincidence  with  a  sine  curve 
rise  of  tide  may  be  attained. 

There  are  now  in  existence  and  recorded  in  engineering  literature, 
so  far  as  the  writer  knows,  just  five  open  sea-level  canals : 

Suez  Canal, 

Corinth  Canal, 

East  Bay  Neck  Ship  Canal, 

Pamlico  Sound-Beaufort  Canal, 

Cape  Cod  Canal. 

The  "Kiel  Canal"  would  be  another,  only  that,  for  purposes  of 
marsh  drainage  along  its  line,  it  was  necessary  to  put  in  lock  gates  at 
each  end,  and  keep  the  canal  level  at  mean  level  of  the  sea. 

The  first  three  named  have  been  discussed  by  the  writer,*  together 
with  the,  at  that  time,  only  projected  Panama  Canal.  So  was  the 
Cape  Cod  Canal  at  that  time,  only  a  projected  canal;  likely  to 
remain  a  mere  project  for  another  century  or  so,  by  all  the  unkind 
(as  we  will  call  them)  things  said  of  open  sea-level  canals  in  reports 
on  the  Panama  Canal.  A  contention  in  favor  of  an  open  sea-level 
canal  at  Cape  Cod  can  be  read  between  the  lines  of  much  that  the 
writer  then  wrote  about  a  sea-level  canal  at  Panama;  and  proof  direct 
could  be  given,  how  some  of  the  intended  decrying  of  open  sea-level 
canals,  intended  to  bolster  up  the  agitation  in  favor  of  a  lock  canal 
at  Panama,  was  designedly  brought  to  naught,  as  a  protection  to  a 
future  building  of  an  open  sea-level  canal  at  Cape  Cod. 

That  the  Panama  Canal  was  built  as  a  lock-canal  should  disturb 
no  one.  The  hydraulic  questions  involved  were  admittedly  never 
properly  considered,  for  the  reason,  as  given,  that  "the  limited  time 
available  to  the  Board  [of  Consulting  Engineers]  has  not  permitted 
the  full  consideration  of  this  question,  which  is  desirable;"  a  polite 
shirking  of  duty  in  an  important  matter,  probably  without  parallel 
in  engineering  history. 

It  has  now  been  given  to  Mr.  Parsons  to  demonstrate  by  physical 
facts,  and  by  the  first  comprehensive  treatise  on  sea-level  canals 
written  in  the  English  language,  accompanying  a  work  of  which  he 
was  the  Chief  Engineer,  that  sea-level  canals  are  amenable  to  common 
sense  and  to  engineering  computations.  This,  and  the  fact  that  he 
was  one  of  the  three  American  engineers  on  the  Board  of  Consulting 
Engineers  (William  H.  Burr,  M.  Am.  Soc.  C.  E.,  and  Gen.  George  W. 
Davis  were  the  two  others)  who,  in  1905,  did  not  join  in  the  hue  and 
cry  for  a  lock  canal  at  Panama,  but  voted  with  the  majority  of 
the  Board  composed  of  these  three,  together  with  all  the  well- 
informed    British,   French,   Dutch,   and   German    engineers    selected 

*  Transactions,  Am.  Soc.  C.  E.   (June,  1906),  Vol.  LVI,  p.  206. 
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by  their  respective  Governments  as  life-long  experts  on  the  questions       Mr. 
involved,  make  up  a  record  of  which  any  hydraulic  engineer  may  be  h^''^^^'^'- 
proud,    and   to    which    the   writer   believes   time   will    only    add   high 
repute  and  renown. 

(Mr.  Herschel  attended  the  meeting  at  which  Mr.  Parsons'  paper 
was  presented ;  he  did  not  read  the  foregoing  written  discussion,  but 
addressed  the  Society  as  follows:) 

The  speaker  has  written  a  discussion  on  this  paper,  but,  instead  of 
reading  it,  he  will  consider  the  Cape  Cod  Canal  from  another  angle 
than  that  from  which  he  viewed  it  in  the  foregoing  discussion. 

This  paper  is  very  important,  for  more  reasons  than  one.  If  one 
looks  at  a  map  of  the  United  States  and  follows  carefully  the  inland, 
or  nearly  inland,  waterways  along  the  east  coast,  one  will  soon  come 
to  the  conclusion  that  it  would  not  require  much  of  an  engineering 
undertaking  to  enable  a  vessel  to  go  from  Massachusetts  Bay  to  the 
Gulf  of  Mexico  by  an  inside  passage.  It  is  almost,  or  wholly,  possible 
now  for  very  small  craft,  and  one  can  see  clearly  that,  before  a  hun- 
dred years  have  gone  by — or  possibly  before  20  years — that  route  will 
be  open  for  vessels  of  possibly  25  or  30  ft.  draft. 

Now,  this  Cape  Cod  Canal  may  be  considered  as  the  first  link  in 
that  chain  of  communications,  important  for  freight  traffic,  and  of 
the  greatest  importance  as  a  measure  of  national  defence. 

There  is  in  existence  an  association,  called  the  Atlantic  Deeper 
Waterways  Association,  which  has  as  its  object  the  construction  of  an 
inside  waterway  all  along  the  eastern  coast  of  the  United  States,  and 
for  the  last  10  years  it  has  advocated  this  project.  A  Member  of  Con- 
gress, J.  Hampton  Moore,  seems  to  have  made  this  his  life  work,  and 
every  year  this  association  has  excursions  over  and  inspections  of  parts 
of  this  waterway.  Thus  far,  that  seems  to  have  been  the  only  method 
of  agitating  the  subject.  It  is  hoped  that  in  the  course  of  time  the 
prosecution  of  the  public  works  of  the  United  States  will  be  carried 
on  in  a  more  rational  -^vay  than  by  pulling  and  hauling  and  junketing 
and  picnicking.  All  are  agitating  for  such  improved  and  more  rational 
ways  of  selecting  needed  public  works,  and  there  is  good  reason  for 
believing  that  we  are  on  the  very  threshold  of  a  rational  method  of 
making  such  a  selection. 

It  may  not  have  been  noticed  by  all  engineers,  but  the  last  river 
and  harbor  bill  had  incorporated  with  it  a  clause  providing  for  the 
formation  of  what  has  been  called  the  Waterways  Commission.  The 
speaker  thinks  that  this  clause  has  been  so  little  noticed  that  he  will 
venture  to  read  what  this  waterways  commission  proposes  to  create 
and  do.    It  has  been  enacted: 

"That  a  commission,  to  be  known  as  the  Waterways  Commission, 
consisting  of  seven  members  to  be  appointed  by  the  President  of  the 
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Mr.  United  States,  at  least  one  of  whom  shall  be  chosen  from  the  active  or 
Herschei.  retired  list  of  the  Engineer  Corps  of  the  army,  at  least  one  of  whom 
shall  be  an  expert  hydraulic  engineer  from  civil  life,  is  hereby  created 
and  authorized,  under  such  rules  and  regulations  as  it  may  adopt,  to 
bring  into  co-ordination  and  co-operation  the  engineering,  scientific 
and  constructive  services,  bureaus,  boards  and  commissions  of  the 
several  governmental  departments  of  the  United  States  and  commis- 
sions created  by  Congress  that  relate  to  study,  development  or  control 
of  waterways  and  water  resources  and  subjects  related  thereto,  or  to 
the  development  and  regulation  of  interstate  and  foreign  commerce, 
with  a  view  to  uniting  such  services  in  investigating,  with  respect  to 
all  watersheds  in  the  United  States,  questions  relating  to  the  develop- 
ment, improvement,  regulation  and  control  of  navigation  as  a  part  of 
interstate  and  foreign  commerce,  including  therein  the  related  ques- 
tions of  irrigation,  drainage,  forestry,  arid  and  swamp  land  reclama- 
tion, clarification  of  streams,  regulation  of  flow,  control  of  floods,  utili- 
zation of  water  power,  prevention  of  soil  erosion  and  waste,  storage 
and  conservation  of  water  for  agricultural,  industrial,  municipal  and 
domestic  uses,  co-operation  of  railways  and  waterways,  and  promotion 
of  terminal  and  transfer  facilities,  to  secure  the  necessary  data,  and 
to  formulate  and  report  to  Congress  as  early  as  practicable  a  com- 
prehensive plan  or  plans  for  the  developmeiit  of  waterways  and  the 
water  resources  of  the  United  States  for  the  purposes  of  navigation 
and  for  every  useful  purpose,  and  recommendations  for  the  modifica- 
tion or  discontinuance  of  any  project  herein  or  heretofore  adopted." 

Then  follows  a  provision  for  pay  and  compensation  of  members, 
and  other  clauses  which  it  is  not  necessary  to  read;  but  that  gives  one 
an  idea,  and  the  speaker  thinks  that  all  will  agree  with  him  that  the 
intention  of  the  draftsman  was  at  least  comprehensive,  and  that  we 
may  hope  that  some  good  will  come  of  it. 

Now,  the  Cape  Cod  Canal  is  a  public  work,  completed  by  private 
enterprise,  which  is  directly  in  line  with  this  clause  which  has  just  been 
quoted,  and  it  is  to  be  hoped  that  this  commission  will  continue  the 
good  work. 

A  right  of  way  for  a  sea-level  canal,  without  locks,  from  New  York 
Harbor  to  the  Delaware  River  has  been  promised  by  the  State  of  New 
Jersey;  the  routes  have  been  surveyed  by  the  United  States  Engineers, 
and  no  difficulties  have  been  found.  There  is  a  canal  now  from  the 
Delaware  River  to  Chesapeake  Bay,  and  so  on.  There  are  several  other 
small  canals  that  could  be  widened  and  deepened.  One  of  these,  on 
the  same  line,  is  already  a  reconstructed  sea-level  canal;  and,  for  such 
reasons  as  the  speaker  has  given,  he  thinks  this  paper  of  great  impor- 
tance, and  that  the  uses  of  the  canal  will  grow  as  time  goes  along. 
Mr.  T.  Kennard  Thomson,*  M.  Am.  Soc.  C.  E. — The  Society  is  much 

indebted  to   Mr.  Parsons  and  Mr.   Douglas  for  a  well-prepared  and 
well-presented  paper  on  this  interesting  work,  and  Mr.  Belmont  and 
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his  associates  deserve  the  thanks  of  the  entire  country  for  carrying       Mr. 
through  a  much  needed  public  work  as  a  private  enterprise. 

It  can  easily  be  understood  why  it  was  necessary  to  economize  on 
width,  depth,  etc.,  but,  now  that  the  enormous  future  value  of  this 
canal  must  be  apparent,  the  Government  should  give  every  aid  and 
encouragement  to  the  efforts  to  obtain  an  ultimate  depth  of  at  least 
40  or  45  ft.,  an  ultimate  width  of  at  least  1  000  ft.,  and,  eventually, 
instead  of  bridges,  tunnels  carrying  traffic  under  the  canal.  These 
figures  may  sound  fantastic,  but  they  are  not;  although  the  speaker 
may  be  laughed  at  now  for  seeing  "too  much",  he  may  also  be  laughed 
at  by  future  generations  for  not  seeing  far  enough. 

The  Atlantic  Deeper  Waterways  system  which  Mr.  Herschel  has 
explained  so  well  (the  speaker  has  also  been  a  member  of  the  Deeper 
Waterways  Association  for  some  years)  will  eventually  result  in  deep 
inland  waterways  from  Boston  to  Florida.  It  is  true  that,  at  present, 
the  Hon.  J.  Hampton  Moore  only  contemplates  a  depth  of  12  ft.,  or 
less,  in  some  places,  but,  as  soon  as  these  depths  are  obtained,  greater 
and  greater  depths  will  be  insisted  on.  A  glance  at  a  map  of  the 
Atlantic  Coast  will  astonish  most  people  by  showing  how  comparatively 
few  links  of  canals  will  be  required  to  complete  the  inland  waterways 
from  Boston  to  Florida  and  from  New  York  to  the  Great  Lakes. 

The  speaker  takes  this  opportunity  to  "report  progress"  on  his 
project  for  "A  Really  Greater  New  York",  which  will  afford  the  most 
important  link  in  this  chain  of  inland  waterways.  After  working 
nearly  every  day  "for  six  years  and  writing  repeatedly  to  three  Gov- 
ernors of  New  York  State  and  two  of  New  Jersey,  as  well  as  to  two 
Mayors  of  New  York  City,  and  many  prominent  men,  and  addressing 
this  Society  on  more  than  one  occasion,  the  speaker  is  delighted 
to  state  that  real  progress  has  been  made,  for  Governor  Whitman  and 
Governor  Edge  have  appointed  a  joint  board  to  make  this  harbor 
proposition  an  interstate  affair.  These  men  are:  Messrs.  William  R. 
Willcox,  Chairman,  J.  Spencer  Smith,  Vice-Chairman,  E.  H.  Outer- 
bridge,  Arthur  Curtiss  James,  De  Witt  Buskirk,  and  Frank  R.  Ford, 
with  Gen.  Goethals  for  Chief  Consulting  Engineer. 

The  speaker  has  photographs  of  a  suction-dredge,  having  a  dis- 
charge pipe  42  in.  in  diameter,  now  used  in  Egypt.  It  was  designed 
by  A.  W.  Robinson,  M.  Am.  Soc.  C.  E.,  undoubtedly  the  greatest 
authority  on  dredges.  The  actual  work  of  this  dredge  has  been  50  000 
cu.  yd.  per  day,  at  a  cost  of  less  than  1  cent  per  yd. 

When  the  "Really  Greater  New  York"  project  is  started,  we  will 
probably  have  several  of  these  machines  and  will  be  glad  to  lend  them 
to  the  Cape  Cod  Canal — between  times — to  widen  and  deepen  the 
canal  as  will  be  required. 

The  speaker  does  not  think  it  safe  to  assume  that  there  will  be  no 
danger  from  the  teredo  at  Cape  Cod,  for  he  was  called  in  a  few  years 
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Mr.  ago  to  examine  a  bridge  at  Fall  River,  where  one  pier  had  settled 
ihomson.  ^  ^^  ^^^^  night.  This  condition  was  due  to  the  teredo  destroying  the 
piles  within  two  years  of  the  time  the  bridge  was  built. 

Many  think  that  the  teredo  attacks  only  at  or  near  the  surface  of 
the  water.  In  this  case,  however,  the  piles  had  been  cut  o£F  45  ft. 
below  the  surface,  and  the  pier  (granite  face  and  concrete  backing) 
had  been  built  on  a  4-ft.  grillage,  as  the  grillage  was  sunk  to  the  tops 
of  the  piles.  The  speaker  saw  one  of  the  pile  heads  which  was  brought 
up  and  split  open,  showing  both  live  teredo  and  live  limnoria  hard 
at  work. 

The  pier  had  settled  2  ft.  at  one  end,  so  a  coffer-dam  was  built 
around  it,  concrete  was  forced  under  the  grillage,  and  the  bridge  seat 
was  restored  to  its  proper  level,  with  satisfactory  results. 

New  York  Harbor  is  now  safe  from  the  ravages  of  the  teredo, 
but  when  the  speaker's  project  for  "A  Really  Greater  New  York", 
which  involves  great  trunk  sewers  down  the  present  bed  of  the  East 
River,  also  through  New  Jersey  to  a  point  some  20  miles  away  from 
Sandy  Hook,  is  accomplished,  the  rivers  and  bays  of  New  York  City 
will  be  safe  to  fish  and  swim  in,  and  the  piles  of  the  wharves  will  have 
to  be  protected  against  the  teredo. 

Mr.  William   Barclay   Parsons,*   M.   Am.    See.    C.   E.    (by   letter).— 

"'  The  discussion  by  Clemens  Herschel,  Past-President,  Am.  Soc.  C.  E., 
adds  much  interesting  matter  to  the  paper,  especially  in  bringing  out 
his  own  constant  and  consistent  efforts  in  advocating  a  sea-level  canal 
and  combating  the  unexamined  fear  of  a  destructive  tidal  current. 
The  writer's  reference  to  Gen.  Foster's  contribution  is  possibly  too 
broad,  because,  as  Mr.  Herschel  points  out,  there  are  certain  laymen 
who,  even  to  this  day,  are  prejudiced  against  an  xmlocked  canal,  but, 
after  Gen.  Foster's  report,  no  serious  consideration  was  ever  given  to 
a  lock  by  those  earnestly  interested  in  the  matter,  as  far  as  the  writer 
has  been  able  to  ascertain. 

The  writer  is  distinctly  pleased  with  the  clear  and  forceful  manner 
in  which  Mr.  Herschel  brings  out  the  folly  of  any  attempt  at  guard- 
gates  or  any  means  of  partial  control  of  tidal  currents.  A  canal  must 
be  either  a  lock  or  an  open  canal.  Any  contraction  caused  by  a  lock 
or  guard-gates  will  produce  local  difficulties  and  such  a  local  increase 
in  current  velocity  as  to  defeat  the  idea  of  a  compromise.  In  the 
Kaiser  Wilhelm  or  "Kiel"  Canal,  not  lock-gates  but  actual  locks 
were  constructed,  on  account  of  marsh  drainage,  as  Mr.  Herschel  points 
out.  It  was  expected  that,  on  ordinary  neap  tides  and  during  a  part 
perhaps  of  all  tides,  the  gates  might  remain  open  and  the  canal 
be  a  tidal  waterway.  It  was  at  once  found,  however,  that  a  local 
current  developed,  due  to  the  contraction  of  the  area  of  the  cross- 
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section,  and  that  this  was  inconvenient,  although  the  tidal  current  in     Mr. 
the  whole  canal  was  negligible.     On  this  account  the  gates  are  always  ^'*''^*^'^®- 
kept  closed,  and  the  canal  is  used  at  all  times  as  a  lock  canal. 

If  page  104  of  the  paper  is  read,  it  will  be  seen  that  Mr.  Herschel, 
in  his  discussion,  attributes  to  the  writer  a  statement  which  he  never 
made,  namely,  that  times  of  high  water  at  Stations  410  and  35  are, 
in  the  main,  the  result  of  the  velocity  of  wave  propagation  in  the 
canal.  On  that  page  it  is  stated  that  "the  velocity  of  wave  propa- 
gation" is  "a  function  of  the  time  interval  between  the  high-water 
points  of  the  two  ends,"  and,  further,  that  "high  water  along  the  canal 
at  the  consecutive  stations  will  be  reached  in  the  time  interval  between 
the  high  waters  at  Buzzards  Bay  and  Cape  Cod  Bay."  The  paper 
deals  with  a  tidal  wave  passing  through  the  canal,  and,  by  "velocity 
of  wave  propagation"  is  understood  the  speed  with  which  the  crest 
of  this  wave  travels.  In  canals  where  tidal  action  occurs  at  one  end 
only  this  velocity  is  mainly  a  function  of  the  depth  of  the  canal.  In 
the  Cape  Cod  Canal,  where  there  are  considerable  tides  at  each  end, 
the  velocity  of  wave  propagation  is  dependent  on  the  phase  and  ampli- 
tude differences  of  the  actuating  tides. 

Messrs.  Herschel  and  Thomson  are  right  in  advocating  a  wider 
and  deeper  canal.  The  present  limitations  were  imposed  by  financial 
necessities.  Although,  in  a  larger  canal,  the  tidal  current  would  be 
increased,  ease  in  navigation  would  also  be  increased.  The  effective 
current  is  that  which  acts  on  the  vessel,  and  this  rate  is  increased 
according  as  the  cross-section  of  the  vessel  diminishes  the  area  of  the 
canal.  It  is  obvious  that,  with  the  same  vessel,  if  the  canal  cross- 
section  is  doubled,  the  vessel  will  take  up  only  one-half  as  much,  and, 
in  round  figures,  the  effective  current  will  be  reduced  one-half.  In 
constructing  the  enlarged  canal,  Mr.  Thomson  would  find  that  suction- 
dredges  are  not  adapted  to  handle  the  material  found  on  Cape  Cod. 
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ADDRESS  AT  THE  ANNUAL  MEETING, 

JANUARY  16TH,  1918. 
By  George  H.  Pegram,  President,  Am,  Soc.  C.  E. 


The  abandonment  of  the  Annual  Convention  last  June  on  account 
of  the  War,  moved  the  Board  of  Direction  to  request  your  President  to 
deliver  his  Annual  Address  at  this  meeting. 

Realizing  the  demands  upon  your  time  for  other  matters,  I  have 
viewed  the  action  of  the  Board  as  largely  a  matter  of  courtesy,  which 
I  deeply  appreciate,  and  shall  endeavor  to  be  brief. 

The  great  world-war  is  imposing  supreme  tests  of  the  virtues,  faults, 
and  philosophies  of  all  peoples,  and  their  industrial,  economic,  financial, 
and  political  organizations  will  undergo  great  changes. 

In  this  reformation  there  is  the  greatest  hope  for  the  engineer;  and 
as  he  has  always  been  the  keystone  in  the  arch  of  war,  he  may  become 
the  keystone  in  the  arch  of  peace. 

Practically  all  the  world's  great  military  commanders  have  been 
engineers :  Caesar,  Bonaparte,  Wellington,  in  the  past,  and,  in  the  pres- 
ent war,  Joffre,  Haig,  and  Hindenburg. 

In  our  own  country,  many  of  the  men  who  gained  prominence  dur- 
ing the  Revolutionary  War  were  surveyors,  that  being  the  general 
work  of  the  engineer  of  that  day. 

Ira  Allen,  of  Vermont,  one  of  the  ablest  diplomats  and  financiers  of 
his  time,  was  a  surveyor,  serving  for  a  number  of  years  as  Surveyor- 
General  of  the  State.  He  was  one  of  the  first  to  propose  building  the 
canal  to  connect  Lake  Champlain  with  the  St.  Lawrence  River. 

General  Stark,  the  hero  of  the  Battle  of  Bennington,  was  a  mill- 
wright.    General  Wayne,  like  his  great  commander,  General  Washing- 
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ton,  was  a  siixveyor,  and,  at  the  beginning  of  the  Revolution,  was 
surveying  in  Ohio.  In  our  Civil  War,  the  engineer  was  similarly 
prominent,  and  this  was  emphasized  among  the  officers  drawn  from 
civil  life. 

War  involves  many  engineering  operations;  in  fact,  at  the  present 
time,  it  has  become  an  engineering  science;  so  that  we  might  expect 
such  distinction,  were  it  not  that  higher  qualities  than  mere  profes- 
sional technique  are  required  in  generalship,  which  demands  the  organ- 
ization and  control  of  masses  of  men,  and  administrative  ability  of 
the  very  highest  order.  The  engineer  has  so  generally  responded  to 
these  higher  requirements  in  times  of  war,  when  the  best  services  must 
be  had,  that  we  may  reasonably  ask  why  greater  use  is  not  made  of  his 
administrative  qualities  in  times  of  peace. 

Nearly  three  years  ago,  our  engineers  began  the  agitation  of  pre- 
paredness for  war.  In  March,  1915,  a  committee  was  appointed  whose 
work  resulted  in  the  law  authorizing  the  Engineer  Officers  Reserve 
Corps,  by  which  civilian  engineers  are  made  part  of  the  army;  groups 
of  engineers  in  different  parts  of  the  coimtry  provided  military  lec- 
tures, preparedness  parades,  and  other  movements  anticipating  the 
possibility  of  our  being  drawn  into  the  war. 

The  Administration  at  Washington,  in  appreciation  of  the  services 
which  might  be  rendered  by  engineers,  wisely  called  them  into 
council,  resulting  in  the  formation  of  the  Naval  Advisory  Board,  the 
Council  of  National  Defence,  Cind  the  Bureau  of  Scientific  Research,  in 
all  of  which  our  most  skilled  and  prominent  engineers  have  been  from 
the  first,  and  are  now,  unselfishly  devoting  their  services  to  the  needs 
of  the  country,  without  remunerative  return,  even  for  their  expendi- 
tures; and  our  Society,  as  you  know,  offered  its  services  to  the  Presi- 
dent immediately  upon  the  declaration  of  war,  and  has  responded  to 
every  call. 

An  engineer,  Mr.  Herbert  C.  Hoover,  has  been  selected  for  possi- 
bly the  greatest  administrative  post,  the  head  of  the  United  States 
Food  Administration,  and  to  this  Administration  we  have  given  the 
free  use  of  our  former  home  which  cost  a  half  million  dollars. 

In  spite  of  the  fact  that  but  11.5%  of  our  membership  is  within 
the  draft  age  limit,  11.0%  is  now  in  the  army,  and  the  number  is 
rapidly  increasing.  Men  of  mature  age,  without  previous  military 
training,  and  whose  prominence  in  the  Profession  would  entitle  them 
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to  entire  immunity,  have  gone  to  the  front.  The  names  of  Parsons, 
Wilgus,  Bensel,  Buck,  and  Hodge,  among  my  intimates  in  New  York, 
come  to  mind,  and  of  course  there  are  hosts  of  others. 

The  glorious  record  of  the  first  appearance  of  the  American  soldier 
on  the  firing  line  of  Europe  fills  us  with  pride.  Our  engineers  were 
aiding  Byng's  advance  on  Cambrai  with  the  construction  of  the 
military  railroad,  and  progressed  so  fast  that  a  recession  of  the  line 
brought  them  on  the  front,  when  they  dropped  their  picks  and  shovels 
and  grasped  guns  from  the  wounded  and  dead  and  joined  the  fighting 
forces. 

The  Engineering  Mission  from  the  United  States  to  Russia,  consist- 
ing of  Jolua  E.  Stevens,  John  E.  Greiner,  W.  S.  Darling,  George  Gibbs, 
and  Henry  Miller,  has  performed  a  task  which,  despite  the  political 
revolution  there,  must  bear  great  future  fruit;  for  Russia,  next  to 
China,  has  the  greatest  undeveloped  resources  of  any  country  in  the 
world,  and  hereafter  the  field  of  the  engineer,  like  the  present  field  of 
the  soldier,  will  be  less  limited  by  national  boundaries. 

Engineering  is  sometimes  claimed  to  be  a  modern  profession  because 
the  present  appellation  is  of  comparatively  recent  adoption.  The 
practice,  however,  is  of  such  ancient  origin  that,  in  considering  its 
relations  to  the  community,  we  are  obliged  to  view  its  history.  Most  of 
our  tools — the  dowel,  drill,  chisel,  wedge,  screw,  pulley,  file,  and  saw — 
were  used  by  the  ancients. 

No  works  of  modern  times  compare  in  magnitude  with  those  of  the 
ancients.  Consider  a  reservoir,  to  impound  the  waters  of  the  Nile, 
covering  an  area  of  150  sq.  miles,  with  a  dam  30  ft.  high  and  13  miles 
long.  The  pyramids  of  Gizeh,  constructed  more  than  5  000  years  ago, 
had  granite  blocks  which  were  5  ft.  square  and  30  ft.  long,  and  were 
transported  500  miles.  One  of  the  temples  of  Memphis  was  built  of 
stones  which  were  13  ft.  square  and  65  ft.  long,  and  laid  with  close 
joints.  The  Appian  Way  from  Rome  to  Capua  was  so  well  built  that 
after  a  thousand  years  its  roadway  was  in  perfect  condition,  and,  even 
now,  after  two  thousand  years,  with  slight  repairs,  is  in  use.  The 
modern  engineer  would  question  the  possibility  of  such  work,  without 
these  great  Examples. 

If  one  could  imagine  cessation  of  life  on  this  continent,  and  our 
works  subjected  to  the  destructive  forces  of  time  and  Nature  for  a 
thousand  years,  what  evidences  of  civilization  would  remain  ? 
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Probably  the  most  surprising  and  interesting  of  the  older  examples 
of  engineering  are  the  inventions  of  Leonardo  da  Vinci,  as  shown  in 
his  sketches.  He  seems  to  have  lacked  nothing  but  the  application  of 
mechanical  power  to  produce  most  of  the  typical  machines  of  the  pres- 
ent day.  The  bellows-blast,  jig-saw,  lathe,  rolling  mill,  printing  press, 
file-cutting  machine,  trip-hammer,  sprocket-chain,  water-wheel,  boring 
machine,  rapid-fire  gun,  spinning  machine,  side-wheel  boat,  flying 
machine,  etc.,  and  I  commend  to  your  notice  the  work  of  Franz  M. 
Feldhaus  on  "Leonardo  da  Vinci  as  Engineer  and  Inventor",  published 
in  1913.  In  this  work  is  shown  an  apparatus  of  cylinder,  piston,  and 
valve  by  which  Leonardo  determined  the  relative  volumes  of  steam  and 
water;  also  an  atmospheric  engine,  consisting  of  cylinder,  piston,  and 
valve,  by  which  reciprocal  motion  was  produced. 

The  pity  is  that,  in  all  his  machinery  requiring  mechanical  power, 
and  in  spite  of  his  experiments  hinting  at  its  application,  he  still  was 
limited  to  muscular  effort,  and  it  was  not  until  the  invention  of  Watt 
that  the  mystic  wand  of  mechanical  power  initiated  a  transformation 
of  the  world  and  made  a  radical  change  in  the  organization  of  man. 

We  look  in  vain  for  the  application  of  mechanical  power  by  the 
ancients,  whose  works  seem  almost  impossible  without  its  assumption, 
but  the  stone  reliefs  showing  the  movement  of  large  weights  by  manual 
power  indicate  that  probably  the  other  did  not  exist. 

An  entirely  new  economic  system  has  been  developed  in  this  age 
of  mechanical  power,  and  in  that  sense  the  engineering  of  the  present 
day  is  modern,  and  the  relations  of  the  engineer  to  the  community  are 
more  important  and  intimate;  but  such  is  the  force  of  precedent  that 
these  relations  have  undergone  very  little  change  in  all  past  history. 

There  is  now  rapidly  developing  a  wave  of  collectivism,  so  to  speak, 
or  class  power,  engendered  by  the  ease  of  over-production  and  the  edu- 
cation of  the  masses.  It  will  render  the  community  work  of  the  engi- 
neer more  easy  and  also  more  necessary,  for,  if  individualism  is  not  pro- 
tected, we  must  drift  toward  the  jungle. 

In  our  democratic  aim  to  give  equality  of  opportunity,  we  are  losing 
sight  of  the  fact  that  progress  and  civilization  itself  rest  upon  the 
achievements  of  individvials,  and  this  is  being  demonstrated  clearly 
in  the  present  war,  as  it  is  in  every  crisis. 

Invention  and  initiative  require  special  opportunities  and  encour- 
agement, and  efficiency  demands  that  those  who  are  to  direct  shall  be 
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selected  through  the  exercise  of  wisdom,  and  it  must  be  admitted  that 
the  policies,  practices,  and  tendencies  of  the  present  time  are  not  adapted 
to  achieve  this  result. 

The  operation  of  competition  to  select  the  most  fit  is  being  more 
and  more  restricted,  both  by  law  and  through  combinations  of  men, 
and  no  process  is  proposed  by  which  the  survival  of  the  fittest  may  be 
assured. 

Admitting  that  the  efforts  of  any  individual  are  directed  to  secur- 
ing existence,  comfort,  and  power  for  himself,  he  is  best  benefited  by  a 
system  which  shall  produce  for  the  community  the  greatest  total  wealth. 

The  engineer,  by  his  education  and  technical  training,  and  espe- 
cially by  the  confidence  of  all  classes  of  the  community  which  he  en- 
joys, is  well  prepared  to  enter  actively  into  public  discussions  and  public 
service,  and  should  do  so. 

To  that  end  the  engineer  should  form  local  associations,  devoted, 
beyond  the  consideration  of  the  technical  and  scientific  aspects  of  engi- 
neering, to  the  larger  service  to  the  community  as  a  co-operative  part 
in  public  affairs. 

One  great  lesson  of  the  war  is  that  the  community  should  always 
have  men  of  experience  qualifying  them  to  act  as  leaders  in  the  various 
lines  of  activity  when  the  emergency  of  war  arises,  and  masses  of 
men  whose  training  would  permit  of  their  being  quickly  formed  into 
an  army. 

It  would  seem  as  if  this  might  be  accomplished  without  the  necessity 
of  a  large  standing  army  and  compulsory  military  training,  which 
would  not  only  involve  a  loss  of  energy,  but  would  be  a  constant 
menace  to  peace. 

When  we  consider  that  the  cost  of  our  greatest  public  work,  the 
Panama  Canal,  represents  but  ten  days'  current  cost  of  the  war  to 
England,  it  is  evident  that  the  construction  of  public  works  containing 
an  element  of  military  preparedness  is  justified,  especially  such  works 
as  will  have  an  economic  value  commensurate  with  their  cost  inde- 
pendent of  the  war  element. 

The  class  of  men  liable  to  military  service  might  be  given  periodic 
labor  experience  sufficient  to  keep  them  in  physical  condition  for  the 
emergencies  of  war,  without  much  sacrifice  of  their  normal  occupations. 

Engineers  could  well  afford  to  supplement  their  technical  training 
with  a  period  of  labor,  especially  in  skilled  lines. 
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Such  public  works  would  form  a  reservoir  of  employment  for 
surplus  labor  in  times  of  industrial  depression.  They  would  include 
the  development  of  water  powers,  the  construction  of  impounding 
reservoirs  for  irrigation  and  navigation  purposes,  canals  and  improve- 
ments of  rivers,  the  reclamation  of  waste  lands,  and  the  needed  enlarge- 
ment of  our  railways,  terminals,  highways,  etc. 

In  spite  of  days  of  work  and  nights  of  study  which  is  the  lot  of 
the  engineer,  time  must  still  be  devoted  to  broader  interests,  and  there 
is  great  need  of  such  service. 

With  the  greatest  heritage  of  natural  wealth  in  all  the  world,  we 
are  most  prodigal  and  wasteful  in  its  use.  We  have  the  largest  supply 
of  coal  of  any  country,  and,  knowing  that  civilization  itself,  in  a 
modern  sense,  depends  upon  the  coal  supply,  we  are  told  that  in  the 
short  space  of  200  years,  if  its  consumption  increases  at  the  present 
rate,  our  coal  will  be  exhausted.  What  a  brief  period  compared  with 
the  5  000  years  of  recorded  history  of  China,  which,  with  a  coal 
supply  next  in  size  to  our  own,  imports  coal.  The  conservation  of  this 
mineral  devolves  upon  the  engineer,  not  only  in  the  improvement  of 
machinery  with  which  its  power  is  applied,  but  in  the  utilization  of 
water  power,  the  improvement  of  natural  waterways,  and  the  con- 
struction of  canals,  by  which  transportation  costs  can  be  lessened. 

Eighty  years  ago,  or  within  the  lives  of  many  now  living,  the 
canals  of  the  United  States,  more  than  2  500  miles,  exceeded  the  rail- 
ways in  length.  It  was  then  possible  to  make  the  trip  by  water,  com- 
pletely around  the  eastern  part  of  the  country,  from  New  York  to 
Buffalo,  by  river  and  canal,  thence  to  Cleveland  by  lake,  to  the  Ohio 
River  by  canal,  and  thence  by  river  to  the  Gulf. 

An  English  engineer,  writing  of  New  Orleans  at  that  time,  said: 
"At  every  hour,  I  might  almost  say,  every  minute  of  the  day,  magnifi- 
cent steamboats  which  convey  passengers  into  the  heart  of  the  western 
country,  fire  off  their  signal  guns  and  dash  away  at  a  rate  that  makes 
me  giddy  to  think  of." 

At  that  time  there  were  boats  on  the  Mississippi  River  with  a 
capacity  of  more  than  1  000  tons,  which  exceeds  the  capacity  of  any 
of  the  present  boats;  and,  subsequently,  boats  with  a  capacity  of  more 
than  3  000  tons  were  operated. 

Previous  improvements  of  our  rivers  have  been  piecemealed;  we 
have  aimed  at  quick  results  instead  of  conforming  to  a  comprehensive 


1G4  ADDRESS  OF  PRESIDENT  GEORGE   H.  PEGRAM 

scheme.  Navigation  has  faded  away  in  regions  where  millions  have 
been  spent  to  preserve  it.  Flood  lands  which,  by  proper  regulation 
of  the  river  and  by  the  deposition  of  sediment,  might  have  been  built 
up,  have  been  protected  by  expensive  levees  which  have  prevented  the 
natural  process  of  reclamation.  Floods  which  should  be  impounded 
for  service  in  dry  times  are  allowed  to  run  to  waste. 

We  are  taught  that  the  mouth  of  the  Mississippi  was  once  at  Cairo, 
more  than  1  000  miles  from  the  Gulf,  by  the  river,  and  that  the  great 
fertile  valley  was  formed  by  alluvial  deposits.  These  alluvial  deposits 
are  not  only  needed  to  raise  the  surface  of  the  land,  but  are  very  rich 
in  fertility.  We  have  leveed  the  river  so  that  the  sediment  is  deposited 
in  the  Gulf,  where  it  is  not  only  lost  to  land  building  but  entails 
constant  labor  in  jetty  building  and  dredging  to  keep  the  mouth  of 
the  river  open  to  navigation.  The  levees  are  being  built  higher  and 
higher  at  great  cost,  and  the  lands  they  are  designed  to  protect  are 
being  eroded  and  their  fertility  exhausted.  This  would  seem  to  be 
a  problem  where  the  engineer  might  "direct"  the  forces  of  Nature  for 
the  "use  and  convenience  of  Man"  instead  of  opposing  them. 

Man  is  the  only  animal  that  invents.  He  can  thus  change  his  envi- 
ronment, which  in  turn  re-acts  to  change  him.  We  rise  from  purely 
animal  conditions  by  the  aid  of  invention.  We  can  sink  back  by  its 
loss.  Little  do  they  realize,  who  claim  that  labor  produces  all  wealth, 
how  paltry  would  be  the  results  of  labor  without  invention  and  design. 

The  Constitution  aims  to  encourage  invention.  It  is  a  common 
thing  to  find  organized  opposition  to  it,  as  for  instance  the  proscrip- 
tion of  the  use  of  patented  articles  in  city  work,  and  the  efforts  of 
construction,  industrial,  and  railway  organizations  to  fight  patents, 
and  the  professional  opposition  to  their  exploitation. 

Of  course,  one  with  an  established  business  is  naturally  placed  in 
opposition  to  a  monopoly  which  threatens  successful  competition  or 
possibly  ruin  to  that  business.  Further,  the  inventor  is  usually 
unable  to  perfect  his  inventions  through  want  of  means.  It  would 
seem  that  a  way  should  be  found  whereby  the  community  would  profit 
in  encouraging  invention  probably  by  granting  less  monopoly  to  the 
inventor,  but  on  the  other  hand,  rendering  him  more  help.  Invention 
is  an  individual  matter.    Committees  cannot  invent. 

Although  invention  is  quite  apart  from  engineering,  the  work  of 
the  engineer  is  largely  based  on  former  inventions. 
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In  the  past  year  our  Society  joined  with  the  other  Founder  Societies 
in  the  formation  of  the  Engineering  Council,  designed  to  represent 
the  present  growing  membership  of  more  than  30  000  engineers  in  the 
consideration  of  public  matters. 

Though  in  itself  the  greatest  step  that  has  been  taken  looking  to 
the  advancement  of  the  Profession,  the  movement  is  especially  inspiring 
as  indicating  the  determination  of  the  engineers  to  co-operate.  At 
the  magnificent  celebration  at  which  we  were  welcomed  to  our  new 
home  by  the  other  Founder  Societies,  this  sentiment  was  expressed 
by  all  the  speakers  in  entire  accord. 

With  such  unanimity  of  purpose,  our  prospects  are  indeed  encouraging. 

Other  steps  are  necessary,  however:  The  Council  must  act  with 
conservatism  commensurate  with  its  dignity  and  responsibility.  It 
would  seem  that  an  organization  should  be  formed  devoted  to  the 
material  interests  of  the  yovmger  men,  draftsmen,  instrument  men, 
inspectors,  etc.,  with  such  association  with  the  older  engineers  that 
their  development  and  progress  may  be  encouraged;  in  brief,  an  alliance 
of  all  engineering  interests  which  would  be  in  harmony  with  similar 
organizations  in  nearly  all  lines  of  endeavor. 

To  co-operate  effectively  with  other  classes  of  the  community,  we 
must  be  organized  for  concerted  action  in  our  own  sphere. 

The  prompt  and  intelligent  direction  that  could  have  been  given 
to  the  engineering  forces  in  preparation  for  the  war,  had  such  an  organ- 
ization existed,  would  have  been  of  great  advantage,  not  to  speak  of 
the  benefits  to  the  engineers  themselves. 

The  lawyer  whose  work  is  in  direct  contact  with  the  people,  and 
whose  public  services  as  law-maker  as  well  as  expounder  enables  him 
to  protect  his  interests,  has  the  further  advantage  of  public  prominence 
which  often  leads  to  his  selection  on  commissions  of  a  technical  nature, 
to  the  exclusion  of  the  engineer. 

The  members  of  the  medical  profession  long  ago  recognized  the 
necessity  of  impressing  the  people  with  the  value  of  their  public 
services.  Schools  of  contrary  theories  have  co-operated  for  a  common 
end.  Laws  governing  sanitation  and  hygiene  have  resulted,  and  fre- 
quent accounts  of  their  work  appear  in  the  press.  They  have  unselfishly 
disclosed  what  were  formerly  regarded  as  professional  secrets,  and  have 
gained  the  well-merited  recognition  of  the  public. 

The  Engineer  should  profit  by  example. 
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Paper  No.  1405 

SPECIFICATIONS 

AND  METHODS  OF  TESTS  FOR 

PORTLAND  CEMENT 


The  following  specifications  and  methods  of  tests  for  Portland 
cement  are  those  recommended  by  the  Joint  Conference  on  Uniform 
Methods  of  Tests  and  Standard  Specifications  for  Cement.  The  Con- 
ference was  created  for  the  purpose  of  securing  uniformity  and  recon- 
ciling differences  in  cement  specifications  and  methods  of  tests.  The 
membership  of  the  Conference  was  constituted  as  follows: 

American  Society  of  Civil  Engineers 
Alfred  Noble* 
George  S.  Webster 
Richard  L.  Humphrey 

American  Society  for  Testing  Materials 
George  F.  Swain 
Olaf  Hoff 
Clifford  Richardson 

United  States  Government 
Arthur  P.  Davis 
Asa  E.  Phillips 
Rudolph  J.  Wig 

The  Conference  was  organized  on  October  24th,  1912.  Many  data 
relating  to  the  subjects  under  consideration  were  gathered  from  manu- 
facturers, users,  laboratories,  and  individuals.  In  addition,  many 
original  data  were  secured  from  experiments  and  tests  conducted  by 
the  Conference  or  under  its  direction.  The  results  were  correlated  and 
studied,  and  these,  together  with  the  conclusions  based  upon  them, 

*  Deceased. 
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were  published  by  the  Conference  in  reports  dated  April  28th,  1915, 
and  June  1st,  1916. 

In  final   form,   as   here  presented,  the   specifications   and  methods 
of  tests  were  transmitted  to  the  Society  on  January  16th,  1917. 

SPECIFICATIONS. 

i.— Portland  cement  is  the  product  obtained  by  finely  pulverizing  Definition, 
clinker  produced  by  calcining  to   incipient  fusion,   an  intimate  and 
properly  proportioned  mixture  of  argillaceous  and  calcareous  materials, 
with  no  additions  subsequent  to  calcination  excepting  water  and  cal- 
cined or  uncalcined  gypsum. 

I. — Chemical  Properties. 

2- — The  following  limits  shall  not  be  exceeded :  Chemical 

T-                   ...  Limits. 

Loss  on  Ignition,  per  cent 4.00 

Insoluble  residue,  per  cent 0.85 

Sulfuric  anhydride  (SOg),  per  cent 2.00 

Magnesia  (MgO),  per  cent 5.00 

II. — Physical  Properties. 

S. — The  specific  gravity  of  cement  shall  be  not  less  than  3.10  (3.07  Specific 
for  white  Portland  cement).     Should  the  test  of  cement  as  received  ^'"^^'^y- 
fall  below  this  requirement  a  second  test  may  be  made  upon  an  ignited 
sample.     The  specific  gravity  test  will  not  be  made  unless  specifically 
ordered. 

Jf- — The  residue  on  a  standard  'No.  200  sieve  shall  not  exceed  22  Fineness. 
per  cent,  by  weight. 

5. — A  pat  of  neat  cement  shall  remain  firm  and  hard,  and  show  Soundness, 
no   signs  of   distortion,   cracking,   checking,   or   disintegration   in   the 
steam  test  for  soundness. 

6. — The  cement  shall  not  develop  initial  set  in  less  than  45  minutes  Time  of 
when  the  Vicat  needle  is  used  or  60  minutes  when  the  Gillmore  needle  ^®"'°^- 
is  used.    Final  set  shall  be  attained  within  10  hours. 

7. — The  average  tensile  strength  in  povmds  per  square  inch  of  not  Tensile 
less  than  three  standard  mortar  briquettes  (see  Section  51)  composed     ^^^^    " 
of  one  part  cement  and  three  parts  standard  sand,  by  weight,   shall 
be  equal  to  or  higher  than  the  following: 


Age 
at  test, 
in  days. 

Storage  of  briquettes. 

Tensile  strength, 

in  pounds 
per  square  inch. 

7 

1  day  in  moist  air,  6  days  in  water 

200 

28 

1  day  in  moist  air,  27  days  in  water 

300 

168  SPECIFICATIONS   AND  TESTS  FOR  PORTLAND   CEMENT 

8. — The  average  tensile  strength  of  standard  mortar  at  28  days  shall 
be  higher  than  the  strength  at  7  days. 

III. — Packages,  Marking,  and  Storage. 

Packages  9. — The  cement  shall  be  delivered  in  suitable  bags  or  barrels  with 

Marking,  the  brand  and  name  of  the  manufacturer  plainly  marked  thereon, 
unless  shipped  in  bulk.  A  bag  shall  contain  9-i  lb.  net.  A  barrel  shall 
contain  376  lb.  net. 

Storage.  10. — The  Cement  shall  be  stored  in  such  a  manner  as  to  permit  easy 

access  for  proper  inspection  and  identification  of  each  shipment,  and 
in  a  suitable  weather-tight  building  which  will  protect  the  cement  from 
dampness. 

TV. — Inspection. 

Inspection.  11. — Every  facility  shall  be  provided  the  purchaser  for  careful 
sampling  and  inspection  at  either  the  mill  or  at  the  site  of  the  work, 
as  may  be  specified  by  the  purchaser.  At  least  10  days  from  the  time 
of  sampling  shall  be  allowed  for  the  completion  of  the  7-day  test,  and 
at  least  31  days  shall  be  allowed  for  the  completion  of  the  28-day  test. 
The  cement  shall  be  tested  in  accordance  with  the  methods  hereinafter 
prescribed.  The  2S-day  test  shall  be  waived  only  when  specifically  so 
ordered. 

V. — Rejection. 

Rejection.  12. — The  cement  may  be  rejected  if  it  fails  to  meet  any  of  the 
requirements  of  these  specifications. 

IS. — Cement  shall  not  be  rejected  on  account  of  failure  to  meet  the 
fineness  requirement  if  upon  retest  after  drying  at  100°  C.  for  one 
hour  it  meets  this  requirement. 

IJf. — Cement  failing  to  meet  the  test  for  soundness  in  steam  may 
be  accepted  if  it  passes  a  retest  using  a  new  sample  at  any  time  within 
28  days  thereafter. 

15. — Packages  varying  more  than  5  per  cent,  from  the  specified 
weight  may  be  rejected;  and  if  the  average  weight  of  packages  in  any 
shipment,  as  shown  by  weighing  50  packages  taken  at  random,  is  less 
than  that  specified,  the  entire  shipment  may  be  rejected. 

TESTS. 
VI. — Sampling. 
Number  of        16. — Tests   may  be   made   on   individual   or   composite   samples   as 
'  ^"^^  ^^      may  be  ordered.    Each  test  sample  should  weigh  at  least  8  lb. 

17. — (a)  Individual  Sample. — If  sampled  in  cars  one  test  sample 
shall  be  taken  from  each  50  bbl.  or  fraction  thereof.  If  sampled  in 
bins  one  sample  shall  be  taken  from  each  100  bbl. 

(h)  Composite  Sample. — If  sampled  in  cars  one  sample  shall  be 
taken  from  one  sack  in  each  40  sacks  (or  1  bbl.  in  each  10  bbl.)  and 
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combined  to  form  one  test  sample.     If  sampled  in  bins  or  warehouses 
one  test  sample  shall  represent  not  more  than  200  bbl. 

18. — Cement  may  be  sampled  at  the  mill  by  any  of  the  following  Method  of 
methods  that  may  be  practicable,  as  ordered :  ^^^  '°^' 

(a)  From  the  Conveyor  Delivering  to  the  Bin. — At  least  8  lb.  of 
cement  shall  be  taken  from  approximately  each  100  bbl.  passing  over 
the  conveyor. 

(h)  From  Filled  Bins  hy  Means  of  Proper  Sampling  Tubes. — Tubes 
inserted  vertically  may  be  used  for  sampling  cement  to  a  maximum 
depth  of  10  ft.  Tubes  inserted  horizontally  may  be  used  where  the 
construction  of  the  bin  permits.  Samples  shall  be  taken  from  points 
well  distributed  over  the  face  of  the  bin. 

(c)  From  Filled  Bins  at  Points  of  Discharge. — Sufficient  cement 
shall  be  drawn  from  the  discharge  openings  to  obtain  samples  repre- 
sentative of  the  cement  contained  in  the  bin,  as  determined  by  the 
appearance  at  the  discharge  openings  of  indicators  placed  on  the 
surface  of  the  cement  directly  above  these  openings  before  drawing 
of  the  cement  is  started. 

19. — Samples  preferably   shall  be   shipped  and   stored  in   air-tight  Treatment 
containers.     Samples  shall  be  passed  through  a  sieve  having  20  meshes  "     ^™^  ^' 
per   linear   inch   in   order   to   thoroughly   mix   the   sample,   break   up 
lumps  and  remove  foreign  materials. 

VII.— Chemical  Analysis. 
Loss  on  Ignition. 

20. — One  gram   of   cement  shall  be  heated  in   a   weighed   covered  Method. 
platinum  crucible,  of  20  to   25-cc.   capacity,   as  follows,   using  either 
method  (a)  or  (6)  as  ordered: 

(a)  The  crucible  shall  be  placed  in  a  hole  in  an  asbestos  board, 
clamped  horizontally  so  that  about  three-fifths  of  the  crucible  projects 
below,  and  blasted  at  a  full  red  heat  for  15  minutes  with  an  inclined 
flame;  the  loss  in  weight  shall  be  checked  by  a  second  blasting  for  5 
minutes.  Care  shall  be  taken  to  wipe  off  particles  of  asbestos  that  may 
adhere  to  the  crucible  when  withdrawn  from  the  hole  in  the  board. 
Greater  neatness  and  shortening  of  the  time  of  heating  are  secured 
by  making  a  hole  to  fit  the  crucible  in  a  circular  disk  of  sheet  platinum 
and  placing  this  disk  over  a  somewhat  larger  hole  in  an  asbestos  board. 

(6)  The  crucible  shall  be  placed  in  a  muffle  at  any  temperature 
between  900  and  1  000°  C.  for  15  minutes,  and  the  loss  in  weight  shall 
be  checked  by  a  second  heating  for  5  minutes. 

21. — A  permissible  variation  of  0.25  will  be  allowed,  and  all  results  permissible 
in  excess  of  the  specified  limit  but  within  this  permissible  variation  ^  ^'■"^'"'° 
shall  be  reported  as  4  per  cent. 
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Insoluble  Residue. 

22. — To  a  1-g.  sample  of  cement  shall  be  added  10  cc.  of  water  and 
5  cc.  of  concentrated  hydrochloric  acid;  the  liquid  shall  be  warmed 
until  effervescence  ceases.  The  solution  shall  be  diluted  to  50  cc. 
and  digested  on  a  steam  bath  or  hot  plate  until  it  is  evident  that  decom- 
position of  the  cement  is  complete.  The  residue  shall  be  filtered, 
washed  with  cold  water,  and  the  filter  paper  and  contents  digested  in 
about  30  cc.  of  a  5-per  cent,  solution  of  sodium  carbonate,  the  liquid 
being  held  at  a  temperature  just  short  of  boiling  for  15  minutes.  The 
remaining  residue  shall  be  filtered,  washed  with  cold  water,  then  with 
a  few  drops  of  hot  hydrochloric  acid,  1 :  9,  and  finally  with  hot  water, 
and  then  ignited  at  a  red  heat  and  weighed  as  the  insoluble  residue. 

23. — A  permissible  variation  of  0.15  will  be  allowed,  and  all  results 
in  excess  of  the  specified  limit  but  within  this  permissible  variation 
shall  be  reported  as  0.85  per  cent. 

Sulfuric  Anhydride. 

2Jf. — One  gram  of  the  cement  shall  be  dissolved  in  5  cc.  of  concen- 
trated hydrochloric  acid  diluted  with  5  cc.  of  water,  with  gentle  warming; 
when  solution  is  complete  40  cc.  of  water  shall  be  added,  the  solution 
filtered,  and  the  residue  washed  thoroughly  with  water.  The  solution 
shall  be  diluted  to  250  cc,  heated  to  boiling,  and  10  cc.  of  a  hot  10-per 
cent,  solution  of  barium  chloride  shall  be  added  slowly,  drop  by  drop, 
from  a  pipette,  and  the  boiling  continued  until  the  precipitate  is  well 
formed.  The  solution  shall  be  digested  on  the  steam  bath  until  the 
precipitate  has  settled.  The  precipitate  shall  be  filtered,  washed,  and 
the  paper  and  contents  placed  in  a  weighed  platinum  crucible  and  the 
paper  slowly  charred  and  consumed  without  flaming.  The  barium 
sulfate  shall  then  be  ignited  and  weighed.  The  weight  obtained  mul- 
tiplied by  34.3  gives  the  percentage  of  sulfuric  anhydride.  The  acid 
filtrate  obtained  in  the  determination  of  the  insoluble  residue  may  be 
used  for  the  estimation  of  sulfuric  anhydride  instead  of  using  a 
separate  sample. 

25. — A  permissible  variation  of  0.10  will  be  allowed,  and  all  results 
in  excess  of  the  specified  limit  but  within  this  permissible  variation 
shall  be  reported  as  2.00  per  cent. 

Magnesia. 

26. — To  0.5  g.  of  the  cement  in  an  evaporating  dish  shall  be  added 
10  cc.  of  water  to  prevent  lumping  and  then  10  cc.  of  concentrated 
hydrochloric  acid.  The  liquid  shall  be  gently  heated  and  agitated  until 
attack  is  complete.  The  solution  shall  then  be  evaporated  to  complete 
dryness  on  a  steam  or  water  bath.  To  hasten  dehydration  the  residue 
may  be  heated  to  150  or  even  200°  C.  for  one-half  to  one  hour.  The 
residue  shall  be  treated  with  10  cc.  of  concentrated  hydrochloric  acid 


SPECIFICATIONS   AND   TESTS  FOR  PORTLAND   CEMENT  171 

diluted  with  an  equal  amount  of  water.  The  dish  shall  be  covered 
and  the  solution  digested  for  ten  minutes  on  a  steam  bath  or  water 
bath.  The  diluted  solution  shall  be  filtered  and  the  separated  silica 
washed  thoroughly  wdth  water.^  Five  cubic  centimeters  of  concentrated 
hydrochloric  acid  and  sufficient  bromine  water  to  precipitate  any  man- 
ganese which  may  be  present,  shall  be  added  to  the  filtrate  (about 
250  cc).  This  shall  be  made  alkaline  wdth  ammonium  hydroxide,  boiled 
until  there  is  but  a  faint  odor  of  ammonia,  and  the  precipitated  iron 
and  aluminum  hydroxides,  after  settling,  shall  be  washed  with  hot 
water,  once  by  decantation  and  slightly  on  the  filter.  Setting  aside 
the  filtrate,  the  precipitate  shall  be  transferred  by  a  jet  of  hot  water 
to  the  precipitating  vessel  and  dissolved  in  10  cc.  of  hot  hydrochloric 
acid.  The  paper  shall  be  extracted  with  acid,  the  solution  and  washings 
being  added  to  the  main  solution.  The  aluminum  and  iron  shall  then 
be  reprecipitated  at  boiling  heat  by  ammonium  hydroxide  and  bromine 
water  in  a  volume  of  about  100  cc,  and  the  second  precipitate  shall  be 
collected  and  washed  on  the  filter  used  in  the  first  instance  if  this  is 
still  intact.  To  the  combined  filtrates  from  the  hydroxides  of  iron 
and  aluminum,  reduced  in  volume  if  need  be,  1  cc.  of  ammonium 
hydroxide  shall  be  added,  the  solution  brought  to  boiling,  25  cc.  of 
a  saturated  solution  of  boiling  ammonium  oxalate  added,  and  the 
boiling  continued  until  the  precipitated  calcium  oxalate  has  assumed 
a  well-defined  granular  form.  The  precipitate  after  one  hour  shall  be 
filtered  and  washed,  then  with  the  filter  shall  be  placed  wet  in  a 
platinum  crucible,  and  the  paper  burned  off  over  a  small  flame  of  a 
Bunsen  burner;  after  ignition  it  shall  be  redissolved  in  hydrochloric 
acid  and  the  solution  diluted  to  100  cc.  Ammonia  shall  be  added  in 
slight  excess,  and  the  liquid  boiled.  The  lime  shall  then  be  reprecipi- 
tated by  ammonium  oxalate,  allowed  to  stand  until  settled,  filtered  and 
washed.  The  combined  filtrates  from  the  calcium  precipitates  shall 
be  acidified  with  hydrochloric  acid,  concentrated  on  the  steam  bath 
to  about  150  cc,  and  made  slightly  alkaline  with  ammonium  hydroxide, 
boiled  and  filtered  (to  remove  a  little  aluminum  and  iron  and  perhaps 
calcium).  When  cool,  10  cc.  of  saturated  solution  of  sodium- 
ammonium-hydrogen  phosphate  shall  be  added  vpith  constant  stirring. 
When  the  crystallin  ammonium-magnesium  orthophosphate  has  formed, 
ammonia  shall  be  added  in  moderate  excess.  The  solution  shall  be  set 
aside  for  several  hours  in  a  cool  place,  filtered  and  washed  with  water 
containing  2.5  per  cent,  of  NH,.  The  precipitate  shall  be  dissolved 
in  a  small  quantity  of  hot  hydrochloric  acid,  the  solution  diluted  to 
about  100  cc,  1  cc.  of  a  saturated  solution  of  sodium-ammonium- 
hydrogen  phosphate  added,  and  ammonia  drop  by  drop,  with  constant 
stirring,  until  the  precipitate  is  again  formed  as  described  and  the 

^  Since   this   procedure   does   not   involve   the  determination   of   silica,    a    second 
evaporation  is  unnecessary. 
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Apparatus. 


ammonia  is  in  moderate  excess.  The  precipitate  shall  then  be  allowed 
to  stand  about  two  hours,  filtered  and  washed  as  before.  The  paper 
and  contents  shall  be  placed  in  a  weighed  platinum  crucible,  the 
paper  slowly  charred,  and  the  resulting  carbon  carefully  burned  ofiF. 
The  precipitate  shall  then  be  ignited  to  constant  weight  over  a  Meker 
burner,  or  a  blast  not  strong  enough  to  soften  or  melt  the  pyrophosphate 
The  weight  of  magnesium  pyrophosphate  obtained  multiplied  by  72.5 
gives  the  percentage  of  magnesia.  The  precipitate  so  obtained  always 
contains  some  calcium  and  usually  small  quantities  of  iron,  aluminum, 
and  manganese  as  phosphates. 

27. — A  permissible  variation  of  0.4  will  be  allowed,  and  all  results 
in  excess  of  the  specified  limit  but  within  this  permissible  variation 
shall  be  reported  at  5.00  per  cent. 

YIII. — Determination  of  Specific  'Gravity. 

S8. — The  determination  of  specific  gravity  shall  be  made  with  a 
standardized  Le  Chatelier  apparatus  which  conforms  to  the  require- 
ments illustrated  in  Fig.  1.  This  apparatus  is  standardized  by  the 
United  States  Bureau  of  Standards.  Kerosene  free  from  water,  or 
benzine  not  lighter  than  62°  Baume,  shall  be  used  in  making  this 
determination. 

29. — The  flask  shall  be  filled  with  either  of  these  liquids  to  a  point 
on  the  stem  between  zero  and  one  cubic  centimeter,  and  64  g.  of  cement, 
of  the  same  temperature  as  the  liquid,  shall  be  slowly  introduced, 
taking  care  that  the  cement  does  not  adliere  to  the  inside  of  the  flask 
above  the  liquid  and  to  free  the  cement  from  air  by  rolling  the  flask 
in  an  inclined  position.  After  all  the  cement  is  introduced,  the  level 
of  the  liquid  will  rise  to  some  division  of  the  graduated  neck;  the 
difference  between  readings  is  the  volume  displaced  by  64  g.  of  the 
cement. 

The  specific  gravity  shall  then  be  obtained  from  the  formula 

^       .„  .  Weight  of  cement  (g.) 

Specific  gravity  =  ^.    ', ; ^^ — - 

Displaced  volume  (cc.) 

SO. — The  flask,  during  the  operation,  shall  be  kept  immersed  in  water, 
in  order  to  avoid  variations  in  the  temperature  of  the  liquid  in  the 
flask,  which  shall  not  exceed  0°.5  C.  The  results  of  repeated  tests 
should  agree  within  0.01. 

31. — The  determination  of  specific  gravity  shall  be  made  on  the 
cement  as  received;  if  it  falls  below  3.10,  a  second  determination  shall 
be  made  after  igniting  the  sample  as  described  in  Section  20. 

IX. — Determination  of  Fineness. 
32. — Wire  cloth  for  standard  sieves  for  cement  shall  be  woven  (not 
twilled)  from  brass,  bronze,  or  other  suitable  wire,  and  mounted  without 
distortion  on  frames  not  less  than  li  in.  below  the  top  of  the  frame. 
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Fig.  1. — Le  Chatblier  Apparatxis. 
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Method. 


Permissible 
Variation. 


Method. 


The  sieve  frames  shall  be  circular,  approximately  8  in.  in  diameter, 
and  may  be  provided  with  a  pan  and  cover. 

33. — A  standard  No.  200  sieve  is  one  having  nominally  a  0.0029-in. 
opening  and  200  wires  per  inch  standardized  by  the  TJ.  S.  Bureau  of 
Standards,  and  conforming  to  the  following  requirements : 

The  No.  200  sieve  should  have  200  wires  per  inch,  and  the  number 
of  wires  in  any  whole  inch  shall  not  be  outside  the  limits  of  192  to 
208.  No  opening  between  adjacent  parallel  wires  shall  be  more  than 
0.0050  in.  in  width.  The  diameter  of  the  wire  should  be  0.0021  in. 
and  the  average  diameter  shall  not  be  outside  the  limits  0.0019  to  0.0023 
in.  The  value  of  the  sieve,  as  determined  by  sieving  tests  made  in 
conformity  with  the  standard  specification  for  these  tests  on  a 
standardized  cement  which  gives  a  residue  of  25  to  20  per  cent,  on  the 
No.  200  sieve,  or  on  other  similarly  graded  material,  shall  not  show 
a  variation  of  more  than  1.5  per  cent,  above  or  below  the  standards 
maintained  at  the  Bureau  of  Standards. 

3Jf. — The  test  shall  be  made  with  50  g.  of  cement.  The  sieve  shall 
be  thoroughly  clean  and  dry.  The  cement  shall  be  placed  on  the 
No.  200  sieve,  with  pan  and  cover  attached,  if  desired,  and  shall  be 
held  in  one  hand  in  a  slightly  inclined  position  so  that  the  sample 
will  be  well  distributed  over  the  sieve,  at  the  same  time  gently  striking 
the  side  about  150  times  per  minute  against  the  palm  of  the  other  hand 
on  the  up  stroke.  The  sieve  shall  be  turned  every  25  strokes  about 
one-sixth  of  a  revolution  in  the  same  direction.  The  operation  shall 
continue  until  not  more  than  0.05  g.  passes  through  in  one  minute 
of  continuous  sieving.  The  fineness  shall  be  determined  from  the 
weight  of  the  residue  on  the  sieve  expressed  as  a  percentage  of  the 
weight  of  the  original  sample. 

35. — Mechanical  sieving  devices  may  be  used,  but  the  cement  shall 
not  be  rejected  if  it  meets  the  fineness  requirement  when  tested  by 
the  hand  method  described  in  Section  34. 

36. — A  permissible  variation  of  1  will  be  allowed,  and  all  results  in 
excess  of  the  specified  limit  but  within  this  permissible  variation  shall 
be  reported  as  22  per  cent. 

X. — Mixing  Cement  Pastes  and  Mortars. 
37. — The  quantity  of  dry  material  to  be  mixed  at  one  time  shall 
not  exceed  1  000  g.  nor  be  less  than  500  g.  The  proportions  of  cement 
or  cement  and  sand  shall  be  stated  by  weight  in  grams  of  the  dry 
materials ;  the  quantity  of  water  shall  be  expressed  in  cubic  centimeters 
(1  ec.  of  water  =  1  g.).  The  dry  materials  shall  be  weighed,  placed 
upon  a  non-absorbent  surface,  thoroughly  mixed  dry  if  sand  is  used, 
and  a  crater  formed  in  the  center,  into  which  the  proper  percentage 
of  clean  water  shall  be  poured;  the  material  on  the  outer  edge  shall 
be  turned  into  the  crater  by  the  aid  of  a  trowel.     After  an  interval  of 
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i  minute  for  the  absorption  of  the  water  the  operation  shall  be  com- 
pleted by  continuous,  vigorous  mixing,  squeezing  and  kneading  with 
the  hands  for  at  least  one  minute.^  During  the  operation  of  mixing, 
the  hands  should  be  protected  by  rubber  gloves. 

S8. — The  temperature  of  the  room  and  the  mixing  water  shall  be 
maintained  as  nearly  as  practicable  at  21°  C.  (70°  F.). 

XI. — Normal  Consistency. 

S9. — The  Vicat  apparatus  consists  of  a  frame  A   (Fig.  2)  bearing  Apparatus. 

a  movable  rod  B,  weighing  300  g.,  one  end  C  being  1  cm.  in  diameter 

for  a  distance  of  6  cm.,  the  other  having  a  removable  needle  D,  1  mm. 

in  diameter,  6  cm.  long.     The  rod  is  reversible,  and  can  be  held  in 


F^G.   2.- 


VicAT  Apparatus 


1  In  order  to  secure  uniformity  in  the  results  of  tests  for  the  time  of  setting  and 
tensile  strength,  the  manner  of  mixing  above  described  should  be  carefully  followed. 
At  least  one  minute  is  necessary  to  obtain  the  desired  plasticity  which  is  not  appreciably 
affected  by  continuing  the  mixing  for  several  minutes.  The  exact  time  necessary  is 
dependent  upon  the  personal  equation  of  the  operator.  The  error  in  mixing  should  be 
on  the  side  of  over  mixing. 
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any  desired  position  by  a  screw  E,  and  has  midway  between  the  ends 
a  mark  F  which  moves  under  a  scale  (graduated  to  millimeters)  attached 
to  the  frame  A.  The  paste  is  held  in  a  conical,  hard-rubber  ring  G, 
7  cm.  in  diameter  at  the  base,  4  cm.  high,  resting  on  a  glass  plate  E, 
about  10  cm.  square. 
Method.  UO. — In  making  the  determination,  500  g.  of  cement,  with  a  meas- 

ured quantity  of  water,  shall  be  kneaded  into  a  paste,  as  described  in 
Section  37,  and  quickly  formed  into  a  ball  with  the  hands,  completing 
the  operation  by  tossing  it  six  times  from  one  hand  to  the  other,  main- 
tained about  6  in.  apart;  the  ball  resting  in  the  palm  of  one  hand 
shall  be  pressed  into  the  larger  end  of  the  rubber  ring  held  in  the 
other  hand,  completely  filling  the  ring  with  paste;  the  excess  at  the 
larger  end  shall  then  be  removed  by  a  single  movement  of  the  palm 
of  the  hand;  the  ring  shall  then  be  placed  on  its  larger  end  on  a  glass 
plate  and  the  excess  paste  at  the  smaller  end  sliced  ofP  at  the  top  of  the 
ring  by  a  single  oblique  stroke  of  a  trowel  held  at  a  slight  angle 
with  the  top  of  the  ring.  During  these  operations  care  shall  be  taken 
not  to  compress  the  paste.  The  paste  confined  in  the  ring,  resting  on 
the  plate,  shall  be  placed  under  the  rod,  the  larger  end  of  which  shall 
be  brought  in  contact  with  the  surface  of  the  paste;  the  scale  shall 
be  then  read,  and  the  rod  quickly  released.  The  paste  shall  be  of 
normal  consistency  when  the  rod  settles  to  a  point  10  mm.  below  the 
original  surface  in  i  minute  after  being  released.  The  apparatus  shall 
be  free  from  all  vibrations  during  the  test.  Trial  pastes  shall  be 
made  with  varying  percentages  of  water  until  the  normal  consistency 
■  is  obtained.  The  amount  of  water  required  shall  be  expressed  in  per- 
centage by  weight  of  the  dry  cement. 

Jf.1. — The  consistency  of  standard  mortar  shall  depend  on  the 
amount  of  water  required  to  produce  a  paste  of  normal  consistency 
from  the  same  sample  of  cement.  Having  determined  the  normal 
consistency  of  the  sample,  the  consistency  of  standard  mortar  made 
from  the  same  sample  shall  be  as  indicated  in  Table  1,  the  values 
being  in  percentage  of  the  combined  dry  weights  of  the  cement  and 
standard  sand. 

TABLE  1. — Percentage  of  Water  for  Standard  Mortars. 


Percentage  of  water 

for    neat  cement 

paste  of  normal 

consistency. 

Percentage  of  water 

for  one  cement, 

three  standard 

Ottawa  sand. 

Percentage  of  water 

for  neat  cement 

paste  of  normal 

consistency. 

Percentage  of  water 

for  one  cement, 

three  standard 

Ottawa  sand. 

15 

9.0 

23 
24 
25 
26 
27 
28 
29 
30 

10.3 

16 
17 
18 
19 
20 
21 
22 

9.3 
9.5 
9.7 
9.8 
10.0 
10.2 

10.7 
10.8 
11.0 
11.2 
11.3 
11.5 
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XII. — Determination  of  Soundness.^ 

Ji2. — A  steam  apparatus,  which  can  be  maintained  at  a  temperature  Apparatus, 
between  98  and  100°   C,  or  one  similar  to  that  shown  in  Fig.  3,  is 
recommended.     The  capacity  of  this  apparatus  may  be  increased  by 
using  a  rack  for  holding  the  pats  in  a  vertical  or  inclined  position. 

JtS. — A  pat  from  cement  paste  of  normal  consistency  about  3  in.  Method, 
in  diameter,  J  in.  thick  at  the  center,  and  tapering  to  a  thin  edge, 
shall  be  made  on  clean  glass  plates  about  4  in.  square,  and  stored  in 
moist  air  for  24  hours.  In  molding  the  pat,  the  cement  paste  shall 
first  be  flattened  on  the  glass  and  the  pat  then  formed  by  drawing 
the  trowel  from  the  outer  edge  toward  the  center. 

Jtlf. — The  pat  shall  then  be  placed  in  an  atmosphere  of  steam  at  a 
temperature  between  98  and  100°  C.  upon  a  suitable  support  1  in. 
above  boiling  water  for  5  hours. 

It5. — Should  the  pat  leave  the  plate,  distortion  may  be  detected  best 
with  a  straight-edge  applied  to  the  surface  which  was  in  contact  with 
the  plate. 

XIII. — Determin.\tion  of  Time  of  Setting. 

Jt6. — The  following  are  alternate  methods,  either  of  which  may  be 
used  as  ordered : 

Ji-1. — The  time  of  setting  shall  be  determined  with  the  Vicat  appa-  vicat 
ratus  described  in  Section  39.     (See  Fig.  2.)  Apparatus. 

^5. — A  paste  of  normal  consistency  shall  be  molded  in  the  hard-  vicat 
rubber  ring  G,  as  described  in  Section  40,  and  placed  under  the  rod  B,  ^^^^^'^o*^- 
the  smaller  end  of  which  shall  then  be  carefully  brought  in  contact 
with  the  surface  of  the  paste,  and  the  rod  quickly  released.  The 
initial  set  shall  be  said  to  have  occurred  when  the  needle  ceases  to  pass 
a  point  5  mm.  above  the  glass  plate  in  J  minute  after  being  released; 
and  the  final  set,  when  the  needle  does  not  sink  visibly  into  the  paste. 
The  test  pieces  shall  be  kept  in  moist  air  during  the  test.  This  may 
be  accomplished  by  placing  them  on  a  rack  over  water  contained  in 
a  pan  and  covered  by  a  damp  cloth,  kept  from  contact  with  them  by 
means  of  a  wire  screen ;  or  they  may  be  stored  in  a  moist  closet.  Care 
shall  be  taken  to  keep  the  needle  clean,  as  the  collection  of  cement 
on  the  sides  of  the  needle  retards  the  penetration,  while  cement  on  the 
point  may  increase  the  penetration.  The  time  of  setting  is  affected 
not  only  by  the  percentage  and  temperature  of  the  water  used  and  the 
amount  of  kneading  the  paste  receives,  but  by  the  temperature  and 
humidity  of  the  air,  and  its  determination  is  therefore  only  approxi- 
mate. 

1  Unsoundness  is  usually  manifested  by  change  in  volume,  which  causes  distortion, 
cracking,  checking  or  disintegration. 

Pats  improperly  made  or  exposed  to  drying  may  develop  what  are  known  as 
shrinkage  cracks  within  the  first  24  hours  and  are  not  an  indication  of  unsoundness. 
These  conditions  are  illustrated  in  Fig.  4. 

The  failure  of  the  pats  to  remain  on  the  glass  or  the  cracking  of  the  glass  to  which 
the  pats  are  attached  does  not  necessarily  indicate  unsoundness. 
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Jt9. — The  time  of  setting  shall  be  determined  by  the  Gillmore  needles,  siiimore 
The  Gillmore  needles  should  preferably  be  mounted  as  shown  in  ^'*^6'^'^^- 
Fig.  5  (&). 

60. — The  time  of  setting  shall  be  determined  as  follows :  A  pat  of  Giiimore 
neat  cement  paste,  about  3  in.  in  diameter  and  ^  in.  in  thickness  with 
a  flat  top  (Fig.  5  {a)),  mixed  to  a  normal  consistency,  shall  be  kept 
in  moist  air  at  a  temperature  maintained  as  nearly  as  practicable  at 
21°  C.  (70°  F.).  The  cement  shall  be  considered  to  have  acquired  its 
initial  set  when  the  pat  will  bear,  without  appreciable  indentation,  the 
Gillmore  needle  yV  in.  in  diameter,  loaded  to  weigh  I  lb.  The  final 
set  has  been  acquired  when  the  pat  will  bear  without  appreciable  inden- 
tation, the  Gillmore  needle  2T  in.  in  diameter,  loaded  to  weigh  1  lb. 
In  making  the  test,  the  needles  shall  be  held  in  a  vertical  position, 
and  applied  lightly  to  the  surface  of  the  pat. 


(a)  Pat  with  Top  Surface  Flattened  for  Detenninuig 
Time  of  Setting  by  Gillmore  Method. 


(6)  Gillmore  Needles. 


Fig.  5. 
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Form  of  Test 
Piece. 


XIV. — Tension  Tests. 

51. — The  form  of  test  piece  showTi  in  Fig.  6  shall  be  used.  The 
molds  shall  be  made  of  non-corroding  metal  and  have  sufficient  material 
in  the  sides  to  prevent  spreading  during  molding.  Gang  molds  when 
used  shall  be  of  the  type  shown  in  Fig.  7.  Molds  shall  be  wiped  with 
an  oily  cloth  before  using. 


Fig.   6. — Details  for  Briquette. 


Standard 
Sand. 


52. — The  sand  to  be  used  shall  be  natural  sand  from  Ottawa,  111., 
screened  to  pass  a  No.  20  sieve  and  retained  on  a  No.  30  sieve.  This 
sand  may  be  obtained  from  the  Ottawa  Silica  Co.,  at  a  cost  of  two 
cents  per  pound,  f.  o.  b.  cars,  Ottawa,  111. 

53. — This  sand,  having  passed  the  No.  20  sieve,  shall  be  considered 
standard  when  not  more  than  5  g.  pass  the  No.  30  sieve  after  one 
minute  continuous  sieving  of  a  500-g.  sample. 
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•5^. — The  sieves  shall  conform  to  the  following  specifications: 

The  No.  20  sieve  shall  have  between  19.5  and  20.5  wires  per  whole 
inch  of  the  warp  wires  and  between  19  and  21  wires  per  whole  inch  of 
the  shoot  wires.  The  diameter  of  the  wire  should  be  0.0165  in.  and  the 
average  diameter  shall  not  be  outside  the  limits  of  0.0160  and  0.0170  in. 

The  No.  30  sieve  shall  have  between  29.5  and  30.5  wires  per  whole 
inch  of  the  warp  wires  and  between  28.5  and  31.5  wires  per  whole  inch 
of  the  shoot  wires.  The  diameter  of  the  wire  should  be  0.0110  in.  and 
the  average  diameter  shall  not  be  outside  the  limits  0.0105  to  0.0115  in. 

55. — Immediately  after  mixing,  the  standard  mortar  shall  be  placed  Molding, 
in  the  molds,  pressed  in  firmly  with  the  thumbs  and  smoothed  off  with 
a  trowel  without  ramming.  Additional  mortar  shall  be  heaped  above 
the  mold  and  smoothed  off  with  a  trowel;  the  trowel  shall  be  drawn 
over  the  mold  in  such  a  manner  as  to  exert  a  moderate  pressure  on  the 
material.  The  mold  shall  then  be  turned  over  and  the  operation  of 
heaping,  thumbing  and  smoothing  off  repeated. 


4 


>™^i 


Fig.  7. — Gang  Mold. 


56. — Tests  shall  be  made  with  any  standard  machine.    The  briquettes  Testing, 
shall  be  tested  as  soon  as  they  are  removed  from  the  water.     The  bear- 
ing surfaces  of  the  clips  and  briquettes  shall  be  free  from  grains  of 
sand  or  dirt.     The  briquettes  shall  be  carefully  centered  and  the  load 
applied  continuously  at  the  rate  of  600  lb.  per  minute. 

57. — Testing  machines  should  be  frequently  calibrated  in  order  to 
determine  their  accuracy. 

58. — Briquettes  that  are  manifestly  faulty,  or  which  give  strengths  Faulty^ 
differing  more  than  15  per  cent,  from  the  average  value  of  all  test 
pieces  made  from  the  same  sample  and  broken  at  the  same  period,  shall 
not  be  considered  in  determining  the  tensile  strength. 


Briquettes. 


XV. — Storage  of  Test  Pieces. 

59. — The  moist  closet  may  consist  of  a  soapstone,  slate  or  concrete  Apparatus, 
box,  or  a  wooden  box  lined  with  metal.  If  a  wooden  box  is  used,  the 
interior  should  be  covered  with  felt  or  broad  wicking  kept  wet.  The 
bottom  of  the  moist  closet  should  be  covered  with  water.  The  interior 
of  the  closet  should  be  provided  with  non-absorbent  shelves  on  which 
to  place  the  test  pieces,  the  shelves  being  so  arranged  that  they  may 
be  withdrawn  readily. 
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Methods.  60. — Unless  otherwise  specified,  all  test  pieces,  immediately  after 

molding,  shall  be  placed  in  the  moist  closet  for  from  20  to  24  hours. 

61. — The  briquettes  shall  be  kept  in  molds  on  glass  plates  in  the 
moist  closet  for  at  least  20  hours.  After  24  hours  in  moist  air  the 
briquettes  shall  be  immersed  in  clean  water  in  storage  tanks  of  non- 
corroding  material. 

62. — The  air  and  water  shall  be  maintained  as  nearly  as  practicable 
at  a  temperature  of  21°  C.  (70°  F.). 
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PULSATIONS  IN  PIPE  LINES, 
AS  SHOWN  BY  SOME  RECENT  TESTS* 
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With  Discussion  by  Messrs.  Norman  R,  Gibson,  Rudolph  Hering, 
R.  D.  Johnson,  Minton  M.  Warren  and  H.  C.  Venbano. 


Synopsis. 

The  writer,  while  recently  occupying  the  position  of  Civil  and 
Hydraulic  Engineer  of  the  Pacific  Gas  and  Electric  Company,  had 
the  good  fortune  to  be  enabled  to  make  certain  experiments  and 
measurements  of  pulsations  (water-hammer)  in  long  pipe  lines,  and 
these  are  described  in  this  paper.  This  information,  it  is  believed, 
will  prove  a  valuable  addition  to  the  present  literature  on  the  subject. 
The  experiments  should  be  of  particular  value  because  they  were 
made  on  a  line  under  actual  operating  conditions.  They  show  what 
can  be  expected,  practically,  in  the  way  of  wave  effects,  and  demon- 
strate that  pulsations,  whether  due  to  gate  opening  or  closing,  can 
by  no  means  be  neglected  in  design,  even  for  lines  which  are  controlled 
by  slowly  moving  gates. 

The  Drum  Power  Plant,  of  the  Pacific  Gas  and  Electric  Com- 
pany, put  into  service  in  1913,  is  a  hydro-electric  generating  station 
on  the  Bear  River,  in  Placer  County,  California,  in  which  there  are 

*  Presented  at  the  meeting  of  November  7th,   1917. 
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two  12  500-kw.  electric  generators,  each  driven  by  a  pair  of  Pelton 
impulse  wheels.  The  supply  for  these  wheels  is  brought  to  the  power- 
house in  a  riveted  steel  pipe,  or  penstock,  6  282  ft.  long,  and  having 
a  diameter  of  72  in.  at  its  upper  end  and  52  in.  at  the  i)Ower-house. 
The  exi^eriments  discussed  herein  were  made  on  this  penstock.  Pul- 
sations of  acceleration  due  to  gate  opening  and  also  of  retardation 
due  to  gate  closing  were  investigated.  These  effects  were  obtained 
by  opening  or  closing  (simultaneously)  one  or  more  of  the  needle 
nozzles  which  control  the  supply  to  the  wheels.  Owing  to  the  fact 
that  the  time  of  closure  for  a  nozzle  was  approximately  69  sec,  the 
results  will  apply  to  the  conditions  of  slow  gate  closure.  Inasmuch 
as  most  of  the  experiments  in  the  past  (as  far  as  the  writer  knows) 
have  been  on  rapid  gate  closures  (so  rapid  as  to  produce  as  nearly  as 
possible  an  instantaneous  condition),  and  inasmuch  as  the  conditions 
usually  occurring  in  practice  deal  with  slow  closure,  the  following 
results  should  be  of  considerable  value  in  assisting  the  engineer  to 
ascertain  the  water-hammer  to  be  expected  in  penstock  lines  under 
practical  conditions  of  design  and  operation. 

A  study  of  the  curves  obtained  from  the  experiments  described 
herein  has  led  the  writer  to  the  following  conclusions: 

First. — That  the  general  formula  for  pressure  variation  from 
normal  at  any  point  in  a  pipe  line,  with  uniformly  varying  gate 
opening,  should  be 

^       2  (L,  V,  +  L,r,+ x,_i  r^_,  +  7>,  v^ 

This  formula  applies  to  a  pipe  with  varying  diameter. 
Second. — For  slow  gate  closure,  this  formula  reduces  to 


2  (ij  Fj  +  Lj  Fj  +  L^  F3  + ,  etc..  for  the  full  length  of  the  pipe) 

h  -  ■-        ^  • 

and,  further,  reduces  to 


(2) 


g  T  ^  ^ 

for  slow  gate  closure  with  a  pipe  of  uniform  diameter,  as  advocated 
by  Professor  Joukovsky.  Formulas  (1),  (2),  and  (3)  are  limited  to 
a  maximum  value  of 

A=!^ (4) 
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Third. — That,  as  this  formula  indicates,  the  velocity  of  flow  at  the 
gate,  or  at  the  point  where  the  pressure  is  to  be  ascertained,  does 
not  necessarily  (of  itself  alone)  fix  the  magnitude  of  the  pressure 
wave  at  such  point,  but  that  the  magnitude  of  the  pressure  wave  is 
influenced  by  the  varying  velocities  of  the  moving  water  column  in 
all  portions  of  the  line  between  the  point  at  which  the  pressure  is 
to  be  ascertained  and  the  reservoir. 

Fourth. — That,  under  ordinary  conditions,  the  water-hammer  effect 
may,  and  does,  produce  as  great  a  fall  in  pressure  below  the  normal 
as  it  produces  a  rise  above  normal  after  the  gate  has  been  closed 
completely.  In  other  words,  the  pressure  vibrates  back  and  forth  above 
and  below  normal  after  gate  closure. 

Fifth. — That,  in  pipes  of  imiform  diameter,  the  magnitude  of 
pressure  variation  along  the  pipe  line  will  vary  directly  as  the  time 
required  for  the  wave  to  travel  from  any  point  in  question  to  the 
reservoir  and  return  to  the  same  point,  as  advanced  by  Professor 
Joukovsky,  provided  the  time  of  gate  closure  is  greater  than  the 
half  period  of  the  pipe. 

Sixth. — That  the  effect  of  accelerating  the  water  column  by  gate 
opening  is  analogous  to  the  effect  of  retardation  in  gate  closing,  except 
that  the  pressure  variations  have  the  opposite  sign.  The  period  of 
pulsation  is  the  same.  The  chief  difference  is  that  the  wave  effects 
die  out  much  more  rapidly  with  opening  than  with  closing,  and 
this  seems  also  to  damp  the  vibration  so  rapidly  that  the  full  magni- 
tude is  obtained  only  for  a  short  time. 

Seventh. — That  the  synthetic  method,  used  by  Professor  Joukovsky 
and  Miss  Simin  to  determine  wave  forms,  can  be  used  to  good  advantage 
in  the  study  of  such  effects,  and  can  be  made  to  predict  probable  wave 
forms  and  magnitudes,  if  properly  interpreted. 

Eighth. — It  is  here  found  that  the  velocity  of  wave  propagation  in 
water,  for  riveted  steel  pipe,  can  be  calculated  approximately  by  the 
recognized  formula: 

12 

(^) 


JTT    /I     .     D\ 
\V  \K  ^  Eh) 


9 
if  proper  allowance  is  made  for  the  effect  of  joint  details. 


188  pulsations  ix  pipe  lines 

General  Description  of  Experiments.  ''  ' 

In  order  to  avoid  making  this  paper  too  long,  the  writer  assumes 
that  the  reader  is  familiar  with  certain  literature  on  the  subject 
already  available.  In  fact,  before  examining  this  paper,  he  should 
read  at  least  two  papers  to  which  the  writer  refers,  particularly 
"Water-Hammer",  by  Miss  O.  Simin*,  and  also  that  part  of  a  paper 
entitled  "Penstock  and  Surge-Tank  Problems",!  by  Minton  M.  Warren, 
Assoc.  M.  Am,  Soc.  C.  E.,  applying  to  pressure  due  to  slow  or  ordinary 
gate  closures,  together  with  (and  especially)  the  discussion  on  that 
paper  by  the  writer.  Although  it  will  be  found  that  the  writer  (due 
to  the  results  of  the  experiments  described  herein)  has  modified  in 
some  particulars  the  views  he  expressed  in  that  discussion,  certain 
fundamental  ideas  were  brought  out  there  at  considerable  length,  and 
will  not  be  repeated  herein. 

The  experiments  were  made  on  the  penstock  of  the  Drum  Power- 
House,  Fig.  1.  The  gate  arrangement  at  the  lower  end  of  the  pipe 
line  consists  of  four  needle  nozzles  controlling  an  equal  number  of 
Pelton  impulse  wheels.  The  arrangement  of  the  nozzles  is  shown 
in  Fig.  5.  The  nozzles  are  operated  electrically,  and  tests  were  first 
made  to  determine  the  rate,  period,  and  characteristics  of  their  open- 
ing and  closing.  They  were  specially  designed  to  give  a  uniform 
rate  of  gate  opening,  but  practically  do  not  quite  do  sO.  The  opening 
and  closing  curves  obtained  are  shown  by  Fig.  6,  which  gives  the 
relation  of  area  of  opening  to  time  of  gate  motion.  The  opening 
curve  shows  an  almost  i)erfectly  uniform  rate  of  opening.  The  closing 
curve  shows  a  somewhat  slow  start,  probably  due  to  lag  in  the  motor 
operating  the  gate,  and  a  somewhat  accelerated  finish,  perhaps  due 
to  the  increasing  water  pressure  behind  the  needle  of  the  nozzle  as 
the  flow  was  checked.  Each  experimental  point  on  the  diagram  is 
the  result  of  a  number  of  tests. 

During  the  tests  the  nozzles — which  are  deflecting  nozzles — were 
directed  away  from  the  wheels.  It  is  well  to  note  here  that  the 
arrangement  is  such  that,  for  the  full  open  position  of  either  one  or 
more  nozzles,  the  velocity  in  the  26-in.  pipe,  to  which  Gauge  No.  1 
was  attached,  remains  practically  constant. 

•  Proceedings,  American  Water  Works  Assoc,  1904,  p.  341.  This  is  a  review  and 
elaboration  of  the  article  by  Professor  J.  Joukovsky  in  Memoirs,  Imperial  Academy  of 
Sciences,  St.  Petersburg,  1897,  Vol.  IX. 

t  Transactions,  Am.  Soc.  C.  E.,  Vol.  LXXIX,  p.  238. 


Fig.  3. — Drum  Penstock,  72  Inches  in  Diameter. 


Fig.  4. — Drum  Penstock,  72  Inches  in  Diameter. 
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Gauges. — The  gauges  used  were  Bourdon  recording  gauges,  with 
the  exception  of  No.  1,  which  was  a  Bourdon  indicating  gauge,  and 
each  had  a  range  of  pressure  selected  for  the  point  at  which  it  was 
to  be  used.     All  gauges  were  tested  and  calibrated  carefully  imme- 
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diately  before  being  used.     Gauge  No.   1,  at  the  power-house,  being 
indicating  only,  was  read  for  minimum  and  maximum  points. 

In  considering  the  resulting  curves,  it  is  to  be  noted  that  the 
readings  at  the  power-house  gauge  (No.  1)  and  gauge  charts  at  two 
other    points    were    taken    simultaneously.      This    gives    comparative 
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results   for  effects  of  the  same  waves  at  points  varying  in   distance 
from  the  gate. 

Nomenclature. — 
A  =  Area   of   cross-section   of   full   gate   opening,    in 

square  feet; 
A^,  A^,  A^,  A^,etc.  =Area    of    cross-section    of    pipe,    in    square    feet, 

corresponding  to  the  diameter  of  D^,  D^,  D^, 

a  =  Velocity  of  wave  propagation  in  a  pipe  of  uni- 

form diameter; 

^1'  ^2>  ^3'  ^i>  ^^  Velocity  of  wave  projiagation  for  lengths  of  pipe, 

L^,  L.,,  L.^,  L^,  etc.; 

h  =  Thickness  of  pipe  walls,  in  inches ; 

D  =  Diameter   of   pipe,    in   inches,   where   line   is   of 

constant  diameter; 

D^,  D.,,  D.^,  D^,  etc.  =  Diameter  of  pipe  corresponding  to  lengths, 
L^,  L„,  L^,  L^,  in  inches ; 

E  =  Coefficient     of     elasticity     of     steel,     taken     at 

30  000  000  lb.  per  sq.  in. ; 

g  =  Acceleration  due  to  gravity,  in  feet  per  second 

=  32.2; 

h  =  Pressure  rise,  or  fall  from  normal,  measured  in 

feet  of  head  at  any  point  (due  to  pulsations) ; 

k  =  Voluminal  modulus  of  elasticity  of  water,  taken 

at  294  000  lb.  per  sq.  in.; 

L  =  Total  length  of  pipe,  in  feet,  between  the  point 

at  which  the  pressure  is  desired  and  the 
reservoir ; 

L^,  L^,  L^,  L^,  etc.  ^  Length  of  sections  of  pipe  of  varying  diameter, 
in  feet,  between  the  point  at  which  the  pres- 
sure is  desired  and  the  reservoir,  L^  being  the 
first  section,  starting  at  the  point  at  which 
the  pressure  is  desired; 

l^  =  A  partial  length  of  section,  L^.,  such  that 

2  I  [-2  X,       2  i„  2  i^  ,-| 

_-  =  r—    '-  + ?+     .     .     .     .    ^^   ; 

P  =  Pressure,  in  pounds,  due  to  head,  h ; 
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T  =  Time  of  gate  closure  (or  opening),  in  seconds; 

t  =  Time,  in  seconds,  for  wave  to  travel  from  any 

point  to  reservoir  and  return  to  that  point; 

2  L 

io  =  One-half  period  of  pipe  = for  pipe  of  uniform 

2  i,        2X3       2  X, 

diameter,  =  -| ^  -\ ^,  etc.,  for  pipe 

«i  «2  "3 

of  varying  diameter,  taking   Lj  from  the  gate 

and  including  all  sections  to  the  reservoir; 

y  =  Velocity  of  flow  in  pipe  of  uniform  diameter,  in 

feet  per  second,  at  beginning  of  gate  motion; 

V^,  V^,  F3,  V^,  etc.  =  Velocity  of  flow,  in  feet  per  second,  in  sections 
of  pii^e  of  diameter,  D-^,  D^,  D^,  D^,  respec- 
tively, at  beginning  of  gate  motion ; 

v^,  1;,,  v^,  v^,  etc.  =  Velocity  of  flow,  in  feet  per  second,  in  sections 
of  pipe  of  diameter,  D-^,  D^,  D^,  D^,  respec- 
tively, at  end  of  gate  motion; 

w  =  Weight  of  water  per  cubic  foot,  taken  at  62.4  lb. ; 

Fj.,  a  J.,  A^.,  are  values  corresponding  to  V^,  a^,  A^,  at  the  point,  X,  in 
the  pipe  line. 

Slow  gate  closure  is  defined  as  one  in  a  time  greater  than  t^.  Rapid 
gate  closure  is  one  in  a  time  less  than  t^. 

Experiments. — The  following  experiments  for  various  gate  motions 
were  made: 

^'"  ^'^  '■  July  15th,  1916. 

Four  nozzles  opened  simiiltaneously,  left  open  5  min.,  and  closed 
simultaneously.     Eecord  taken  at  Gauge  Points  Nos.  2  and  3. 

Test  No.  2.  j^iy  i5^j^^  -^9^5^ 

Four  nozzles  opened  simultaneously,  left  open  5  min.,  and  closed 
simultaneously.     Records  taken  at  Gauge  Points  Nos.  2  and  3. 

Test  No.  S.  j^iy  15^^^^  ^g^g 

Four  nozzles  opened  simultaneously,  left  open  5  min.,  and  closed 
simultaneously. 

Chart  No.  3-A  (Fig.  7)  Gauge  No.  2.  Both  opening  and  closing. 

Chart  No.  3-B  (Fig.  8)  Gauge  No.  3.  Both  opening  and  closing. 
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Test  No.  6. 

July  lOth,   1915. 
Two  nozzles  opened  simultaneously,  left  open  3  min.,  and  closed 
simultaneously.     Records  taken  at  Gauge  Points  Nos.  1  and  2. 


585  6  min. 

578 
585 
584 
584 
580  8A  min. 


Beadings  on  Gauge  No.  1. 

581J  lb.  closed        5G6  closing 

570  I  min.      568 

571  572 
560  580  5imin. 
564  595 
562  597 
564  open  574 

584 
574 
590 

INTote. — The  time  indicated  opposite  these  pressures  is  from  the  time 
of  starting  to  open. 

Test  No.  7. 

July  19th,  1915. 
Two   nozzles   opened   simultaneously,   left   open   3   min.,   and   then 
closed  simultaneously.     Records  taken  at  Gauge  Points  Nos.  1  and  2. 

Beadings  on  Gauge  No.  1. 
5814  lb.  closed      670  684 


76 

74 

82 

70 

84 

584 

58 

95 

80 

62 

97 

83 

63 

85  closed 

80 

64 

open 

78 

83 

665 

closing 

79 

Test  No.  S. 

July  19th,  1915. 
Two   nozzles   opened   simultaneously,   left   open   3   min.,   and   then 
closed  simultaneously.     Records  taken  at  Gauge  Points  Xos.  1  and  2. 
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Readings  on  Gauge  No.  1. 


581*  lb.  closed 

566  closing 

574 

584 

582 

74 

68 

82 

80 

81 

72 

70 

88 

84 

81  7^  min.  total 

62 

74 

78 

83 

58 

90 

86 

84 

64     open 

98 

78 

83 

96  closed 

84 

80 

Test  No.  9. 

July  19th,  1915. 
Two  nozzles  opened  simultaneously,  left  open  3  min.,  and  closed 
simultaneously. 

Chart  1^0.  9-B  (Fig.     9)  Gauge  K'o.  2.     Closing  nozzles. 
Chart  No.  9-D   (Fig.  10)  Gauge  JSTo.  3.     Closing  nozzles. 

Readings  on  Gauge  No.  1. 

580 
84  8i  min.  total 


581i  lb.  closed 

568 

closing 

578 

582 

74 

72 

86 

80 

72 

80 

82 

82 

QQ 

96 

79 

78 

58 

96 

86 

84 

62 

80  closed 

80 

80 

64    open 

88 

78 

84 

Test  No.  10. 

July  19th,  1915. 
Two   nozzles   opened   simultaneously,   left   open   3   min.,   and  then 
closed  simultaneously. 

Chart  No.  10-A  (Fig.  11)  Gauge  No.  2.     Opening  nozzles. 
Chart  No.  10-C  (Fig.  12)  Gauge  No.  3.     Opening  nozzles. 

Readings  on  Gauge  No.  1. 

681i  lb.  closed    567  569  594  583 

72                        558  72       96  closed        81 

76                        564  open  80      80                    82 

71                         566  closing  98       84                     82  Total  time  7  min. 
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Test  No.  IS.  j^,,^  j^^^_  jgj^ 

Opened  one  nozzle,   left  open  3  min.,   and  then  closed.     Records 
taken  at  Gauge  Points  Nos.  1,  2,  and  3. 

Readings  on  Gauge  No.  1. 
581^  closed        92  closing 
70  84  total  time  7  min.  40  sec. 

Test  No.  U.  j^,^  ^^^^_  ^^^^ 

Opened  one  nozzle,  left  open  3  min.,  and  then  closed. 

Chart  No.  14-A  (Fig.  13)  Gauge  ISTo.  2.     Opening  nozzle. 
"     No.  14-B  (Fig.  14)  Gauge  No.  2.    Closing  nozzle. 
''     No.  14-C  (Fig.  15)  Gauge  No.  3.     Opening  nozzle. 
"     No.  14-D  (Fig.  16)  Gauge  No.  3.     Closing  nozzle. 

Readings  on  Gauge  No.  1. 


581J  closed 

576  closing 

80 

78 

78 

88 

70 

92 

72 

90 

74     opened 

82 

84 

Test  No.  15. 

July  19th,  1915. 

Four  nozzles  opened   simultaneously,  held  open  3   min.,  and  then 
closed  simultaneously. 

Chart  No.  15-A  (Fig.  17)  Gauge  No.  2.     Opening  nozzles. 
Chart  No.  15-B  (Fig.  18)  Gauge  No.  2.    Closing  nozzles. 
Chart  No.  15-C  (Fig.  19)  Gauge  No.  3.    Opening  nozzles. 
Chart  No.  15-D  (Fig.  20)  Gauge  No.  3.    Closing  nozzles. 

Gauge  Readings. 

5821b.  closed  540  open  598 

80  48  closing  570-98  vibrating 

63  56  74-92        " 

58  70  78-90        " 

44  600  76-92  total  time  7|  min.. 

32  608 
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Test  No.  16. 

July  19th,  1915. 

Four  nozzles  opened  simultaneously,  held  open  3  min.,  and  then 

closed  simultaneously.    Records  taken  at  Gauge  Points  Nos.  1,  2,  and  3. 

Chart  No.  16-A  (Fig.  21)  Gauge  No.  2.    Opening  nozzles. 

Chart  No.  16-B  (Fig.  22)  Gauge  No.  2.    Closing  nozzles. 

Readings  on  Gauge  No.  1. 
582Ub.  closed    534  556     610 

70  38  70    575 

62  40  open       608       80 

58  48  closing  612       85  total  time  7  min. 

Test  No.  IS. 

July  18th,  1915. 

Opened   two   nozzles   simultaneously,   held  open   3   min.,   and  then 

closed  simultaneously.    Records  taken  at  Gauge  Points  Nos.  1,  3,  and  4. 

Readings  on  Gauge  No.  1. 
582  closed        75 

72 


74 

80 
72 
76 


75 

562 

578 

595 

70 

65 

80 

98  closed 

70 

66  open 

84 

62 

70  closing 

88 

Readings  taken 

61 

72 

97 

about  every  i 

65 

74 

98 

min. 

65 

76 

96 

Note. — Evidently  had  a  different  man  reading  this  gauge  than  for 
the  previous  experiments. 

Test  No.  19.  ^  ,  , 

July  18th,  1915. 

Opened  two  nozzles  simultaneously,   held  open   3   min.,   and  then 

closed  simultaneously.    Records  taken  at  Gauge  Points  Nos.  1,  3,  and  4. 

Chart  No.  19-A  (Fig.  23)  Gauge  No.  4.    Opening  nozzles. 

Chart  No.  19-B  (Fig.  24)  Gauge  No.  4.    Closing  nozzles. 

Readings  on  Gauge  No.  1. 
582  closed        573  closing 
570  599 

560  582 

566  open  583  closed.     Readings  taken  every  |  min. 


Fig.  13. 


Fig.  14. 


Fig.  15. 
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It  is  to  be  noted  that  charts  were  obtained  for  each  and  every  test, 
but,  in  the  foregoing,  only  the  numbers  of  those  charts  which  are 
published  herein  are  given.  These,  however,  are  typical  of  the  others, 
and,  in  fact,  the  similarity  of  the  charts  produced  by  a  repetition  of 
the  same  gate  motion  is  remarkable. 

A  summary  of  the  results  of  all  the  tests  is  given  in  Table  1. 

Velocity. — The  quantity  of  water  flowing  has  been  ascertained  from 
the  pressure  readings  at  the  nozzle  by  using  the  formula. 


Q  ^  A 


2gH 


^ay~m 


.(6) 


High-water  Level  Elev.  4622'  J     /^^>s^  Forcbaj 


72  "Pipe 
Total  Penstock  Length  =  6283  ft.- 


PROFILE   OF   DRUM    PENSTOCK  LINE 
SHOWING   POSITION  OF  GAUGES 

-Gauge  Point  No.  1 
Drum  Power-house 

and,  from  this  value,  the  velocities  at  various  points  of  the  pipe  line 
have  been  deduced. 

Where  A   =^  area  of  the  nozzle  opening  =  46.96  sq  in.  ;=  0.326 
sq.  ft. ; 
A^=area  of  the  pipe  leading  to  the  nozzle  =  405.4  sq.  in. 

=  2.82  sq.  ft. ; 
C  =  the  coefficient  of  discharge  =  0.96 ; 
H  ^  the  pressure  head  at  the  entrance  to  the  nozzle,  as 
shown  by  Gauge  No.  1. 
Pipe  Line. — Table  2  states  the  physical  data  of  the  pipe  line. 
The  nozzle  arrangement  and  the  position  of  Gauge  l^o.  1  are  shown 
on  Fig.  5.     This  line  was  of  riveted  steel. 
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TABLE  2. — Physical  Data  of  Pipe  Line. 


Type  of  pipe. 


Lap-riveted. 
Butt  strap. 


Cast  steel. 

"    taper. 


Diameter, 
in  inches. 


72 
72 
72 
72 
72 
66 
66 
66 
66 
66 
66 
60 
60 
60 
60 
60 
60 
60 
54 
54 
54 
54 
52 
36 
26 
26  to  20 


Thicliness  of  metal, 
in  inches. 


% 
% 

Vie 

V2 

Vs 
% 

Ws 
l»/ie 

11/4 

iy4 

11/2 

% 

IVs 


Totallength. 


Length, 
in  feet. 


1  714.6 
1147 
480 
780 

65 
244 
123 
119 
103 

97 

82 
114 
153 

96 

98 

71 

97 

99 

91 
113 
117 
134.4 
194.17 

18 

33.25  aver. 
4 


6  337.42 


Pig.  25  is  a  diagrammatic  profile  of  the  line  showing  the  positions 
of  the  gauges  used  to  record  the  pulsation  effects.  The  end  of  the 
pipe  line  at  the  forebay  reservoir  is  wide  open. 

Magnitude   of  Pulsation. — A   study  of  these  charts  developed  the 

fact  that  the  magnitude  of  the  pulsation  (that  is,  the  wave  pressure) 

/2  LV\ 

was  more  nearly  in  accord  with  Professor  .Toukovsky's  formula  (  ) 

^  \    T<j    J 

than  with   some  of  those  advanced  more  recently.     It  was  observed, 

however,  that  although  there  was  a  rather  close  agreement  for  Gauge 

Points  Nos.  2,  3,  and  4,  the  formula  did  not  accord  at  all  with  the 

results  at  Point  No.  1.    As  Gauge  Points  Nos.  2,  3,  and  4,  were  in  such 

positions  that  the  pipe  above  them  was  of  uniform  diameter,  and  the 

pipe  above  Gauge  No.  1  was  of  varying  diameter,  it  was  decided  to 

endeavor  to  obtain  a  formula  applicable  to  a  line  of  varying  diameter. 

By   a   study   of   the   principles  advanced   by   Professor   Joukovsky, 

Formula   1   was   developed  for   a  pipe  of  varying  diameter.     It  will 

be  remembered  that,  after  proving  that  the  maximum  possible  wave 

aV 
pressure  due  to  instantaneous  gate  closure  was ,  Professor  Joukovsky 
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assumed  that  a  gate  closure  in  finite  time  could  be  taken  as  made  up 
of  a  succeeding  series  of  partial  instantaneous  gate  closures,  in  which 
case,  the  pressure  would  rise  by  increments  at  the  rate  of 

aV 

T  ' 

and  that  this  pressure  rise  would  continue  for  the  time,  T,  or  until  a 

2  L 

reflected  wave  from  the  reservoir  would  cut  it  short  in  a  time, 

a 

Assuming  such   to  be  the   case   for  a   pipe  of  uniform   diameter, 

it  must  be  evident  that,  in  a  pipe  of  varying  diameter,  any  section 

of   the   line   of   larger    diameter   may   be   regarded   as    an    imaginary 

reservoir,   or   a   point   of  pressure  relief   for   all   points  below   it,   or 

rather  between  it  and  the  gates.     For,  although  an  instantaneous  gate 

motion  will  produce  a  wave,^ — ^,  in  magnitude,  in  a  pipe  of  diameter, 
Z)j,  it  will  continue  on  through  a  pipe  of  diameter,  D^^  with  a  magnitude 
only  of  — — ?.  Therefore,  when  a  wave  reaches  the  first  point  of  in- 
crease in  diameter  in  the  line,  a  partial  relief  of  pressure  occurs,  and  a 
return  relief  wave  is  started  back  toward  the  gate,  where  it  will  arrive 

2  L 

in  the  time, -.     Similarly,  partial  relief  waves  will  be  started  at  each 

"i 
point  of  change  in  the  section  of  the  pipe.     Following  this  conception, 

it  is  evident  that  a  pressure  wave  started  at  the  gate  will  increase  at  the 

(I                          2  i, 
rate, ,  for  a  time, -,  when  the  first  partial  relief  wave  reaches  the 

a,    F, 


gate.     Then,  the  pressure  will  continue  to  increase  at  the  rate,  — — 

2  X, 

for  a  time, -,  etc.,  until,  during  a  final  period  equal  to, 

a, 

\T—( ^  + -'+  ^+     ....     + —) 

g 
the  rise  is  at  the  rate  of  — — — .     When  the  gate  completes  its  motion,  the 

*  See  Professor  Joukovsky's  method  of  calculation  of  maximum  pressure  in  paper 
by  Miss  O.  Simin. 
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maximum  pressure  at  the  gate  is  reached.     This  maximum  pressure  will 
then  evidently  be, 


j^^a^V,      2i,       o^,       U^ 
gT    '     a,    ^   gT,    '      a. 


+ 


+  ^^  ( ^  -    — ^  +  — -  +   • 

Now,  let, 

T-   ( ^+  -'-f      .... 

producing  a  convention  whereby,  for  the  purpose  of  calculation,  the 
pipe  line  is  terminated  at  the  last  point  from  which  an  imaginary 
relief  wave  could  return  to  the  gate,  arriving  in  just  a  time,  T,  when 
the  gate  completes  its  motion. 


a 


U 


-L.r 


*f*~~-'^x-i~i    'x'^ 


Fig.   26. 


Introducing  this  value  for  T  in  Equation   (7)   reduces  it  to  the 


form 


.    +L,_,V^_,  +  IV^)..(1) 


Having  solved  Equation  (8),  ij  +  L^-\-  L^  +  L^_■^  +  l^  will  be  the 
length  of  line  to  consider  in  fixing  maximum  pressure,  and  may  be 
represented  by  OX  in  Fig.  2G,  where  0  represents  the  gate  and  X 
the  farthest  point  from  it.  Note  that,  ordinarily,  X  will  not  be  a 
point  of  change  of  pipe  section,  and  that,  ordinarily,  l^  will  not  be  a 
full  length  of  section. 

Referring  to  Equation  (1),  it  is  evident  that,  for  slow  gate  closure, 
as  T  is  less  than  t^,  X  falls  in  the  reservoir  and  V^  is  0,  and  the 
equation  becomes 

2  (i,  T",  +  i.  F,  +  Xg  F,  +     .     .     .     etc.) 


gT 


(2) 


in  which  all  sections  of  the  pipe  are  used  for  the  full  length  of  the 
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line.     This  is,  then,  the  equation  for  slow  gate  closure  with  pipe  of 

varying  diameter. 

For  a  pipe  of  uniform  diameter  with  slow  gate  closure.  Equation 

(2)  reduces  to  the  form, 

2  L   V 
h  =     ^'  '  ' (3) 

the  formula  advanced  by  Professor  Joukovsky. 

Although  these  equations  were  deduced  for  pressure  at  the  gate, 
it  is  evident  that  they  will  hold  true  for  any  point  in  the  line,  inas- 
much as  the  first  wave  produced  by  gate  closure  at  any  point  in 
the  line  is  the  same  as  though  an  imaginary  gate  were  closed  at  this 
I>oint  in  the  same  time,  T,  as  the  actual  gate  is  closed.  In  reference 
to  this,  one  should  note  carefully  the  definition  of  L^,  L^,  L^,  etc.,  as 
these  vary  for  different  points. 

In  Equations  (1),  (2),  and  (3),  li  is  limited  to  a  maximum  value 

a    Y 

equal  to  — — -,  and  this  maximum  will  occur  at  some  point  in  the  line 

2  L 

for  all  values  of   T  <  ?    and  for  all  points  in  a  line  of  uniform 

diameter  with  instantaneous  gate  closure. 

In  order  not  to  lengthen  this  paper  unduly,  the  writer  will  not 
discuss  this  limiting  value  and  its  application  here,  but  will  refer  to 
his  discussion  of  Mr.  Warren's  paper  (previously  mentioned)  in  which 
he  has  gone  rather  fully  into  the  matter. 

Equation  (2)  is  the  one  applicable  to  the  experiment  described 
herein  because  of  the  slow  gate  closure.  Equation  (2)  may  also  be 
deduced  mathematically,  as  follows,  using  as  a  basis  the  proposition 
of  mechanics  that 

Impulse  =  Force  X  Time  =  Change  in  Momentum. 

The  total  change  in  momentum, 

'w  A^  F^  L^         w  Aj  u,  Lfi 


=  [- 


9                          9         -i 
^^oA,L,V,_wA,v,L,-^    ^^^^ ^^^ 

or,  where  the  change  in  momentum  is  measured  from  or  to  a  com- 
plete state  of  rest,  this  becomes 

WA,  L,  F.        WA.L.V, 

1 1 1    ^ 2 2_2    _^     p^.^ .^Q. 

9  9 

as  v^  =  v^  =  v^  =  0. 
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W  A  h 

The  impulse,  or  product  of  force  and  time,  would   be  — - —  X  T, 


where  A  represents  the  area  of  the  gate  opening  and  —  is  used  as  the 

average  pressure  head. 

The  assumption  that  the  average  force  during  the  time  of  gate 
movement  is  equal  to  the  maximum  force  divided  by  two  would  seem 
to  be  logical,  in  that,  as  the  gate  closes  uniformly,  it  exposes  to  the 
flowing  column  a  surface  of  impedance  which  varies  uniformly  from 
zero  to  a  maximum.  It  would  seem,  therefore,  that  the  force  resisting 
the  flow  would  vary  in  the  same  ratio. 

Equating,  we  have, 

WAh^_  WA,L,V,    ^    WA,L,V,    ^    ^^^ ^^^^ 


9 


g 


^ 


^ 


IL 


"iL. 


Fig.  27. 
It  is  to  be  noted,  however,  that,  although  the  cross-sectional  area 
of  the  pipe  may  vary,  only  that  portion  of  the  water  column  having 
a  cross-sectional  area  equal  to  that  of  the  gate  opening  will  be  stopped 
directly  by  the  pressure  develoi)ed  on  the  gate.  (See  Fig.  27.)  The 
remainder  of  the  resisting  force  will  be  developed  at  the  points  of 
change  of  diameter  of  the  pipe  by  the  increased  pressure  at  these  points. 
This  formula,  therefore,  becomes  Equation  (2) 

">  (  ij  F,  +  L,_  V,  +  i,  F3  +      ....     etc.) 


h 


gT 


(2) 


It  might  be  noted  that  Mr.  Warren,  in  using  the  impulse  momentum 
principle   to   develop   a   pressure   formula   for   slow   gate   closure,  has 

assumed  the  time  element  for  the  impulse  action  to  be  equal  to  (  T  H )  , 

in  place  of  T,  in  view  of  the  fact  that  the  water  column  is  not  com- 
pletely brought  to  rest  until  a  time,  -     ,  after    the    gate    has    finally 


completed  its  motion.    This,  however,  the  writer  believes  to  be  incorrect, 
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for  the  following  reason:  The  first  impulse  increment  or  wave  at 
the  beginning  of  gate  motion,  although  immediately  affecting  the  water 
at  the  gate,  would  not  affect  the  final  portion  of  the  water  column 

L 

at  the  reservoir  until  a  time, — ,  after   the  gate    had  begun  its  motion. 

Similarly  (as  Mr.  Warren  points  out),  the  effect  of  the  last  incre- 
ment  of   force   from   the   gate   would   not   affect  the   portion   of   the 

water  cokimn  at  the  reservoir  until  a  time,  — ,    after    the    gate    had 

a 

completed   its  motion,   but,   evidently,   these  two  effects  balance,   and 

every  portion  of  the  water  column  has  been   acted  on  only  for  the 

time,  T. 

Normal  Pressure  Curve. — In  interpreting  the  charts,  it  must  be 
noted  carefully  that  the  value  of  h  here  referred  to  is  the  increased 
pressure  due  to  pulsations  only,  and,  therefore,  measurements  of  h 
must  be  made  with  reference  to  the  normal  position  of  the  hydraulic 
gradient  at  the  same  instant.  As  the  gate  moves,  there  is  a  gradual 
change  in  the  normal  position  of  the  hydraulic  gradient  at  that  point 
(from  flow  to  static  position  or  its  reverse),  due  to  change  in  velocity 
head  and  friction  losses. 

Fig.  28  shows  diagrammatically  such  typical  normal  pressure 
change,  for  opening  and  closing,  respectively,  at  a  point  near  the 
gate  of  the  Drum  pipe  line.  For  purposes  of  comparison  the  normal 
line  for  closing  (shown  in  the  upper  left  part  of  Fig.  29)  has  been 
replotted  on  the  right  of  one  of  the  gauge  charts. 

In  considering  wave  pulsations  due  to  gate  motion,  they  must 
be  considered  and  measured  with  reference  to  such  a  normal  curve. 
For  instance,  a  wave  form  of  Type  5,  Fig.  30,  superimposed  in  such 
a  normal  curve,  would  give  the  result  shown  at  the  right  of  Fig.  29. 
The  writer  thinks  that  this  feature  has  sometimes  been  overlooked  by 
investigators  in  the  past,  and  the  magnitude  of  the  wave  pressure 
has  been  considered  with  reference  to  static  conditions  rather  than 
with  reference  to  normal,  as  defined  above. 

Herein,  wherever  pressure  is  noted  as  above  or  below  "normal"  the 
writer  refers  to  the  pressure  variation  above  or  below  the  normal 
curve,  as  defined  above,  and  all  values  of  h  are  so  taken. 

Discussion  of  Results. — The  last  column  of  Table  1  shows  the 
theoretical    values    of    p    for   each   experiment,    where   p,    in    pounds. 
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=  0.434  h,  and  where  li  has  been  calculated  from  Equation  (2).  The 
values  of  h  have  been  converted  into  pounds  for  ready  comparison 
with  the  gauge  readings.  In  comparing  such  calculated  values  with 
the  average  of  observed  values,  the  agreement  is  thought  to  be  remark- 
ably close,  both  for  opening  and  closing  waves.  These  results  certainly 
seem  to  substantiate  the  formula  advanced,  not  only  at  the  gate,  but 
for  any  other  point  in  the  line,  and  for  varying  velocities.  The  time 
element  shown  in  Table  1  is  the  time  (after  the  gate  begins  its  motion) 
when  the  maximum  effect  was  observed,  and  this  is  noted  in  order 
that  the  correct  position  of  the  normal  at  the  same  instant  may  be 
taken. 


Fig.  29. 
Up  to  the  time  of  this  study,  in  endeavoring  to  use  the  formulas 
heretofore  advanced,  the  writer  had  always  taken  the  value  of  V  in 
such  formulas  as  the  velocity  of  flow  past  the  point  at  which  the 
pressure  was  desired.  That  this  cannot  be  the  case  is  very  clearly 
brought  out  by  the  results  obtained  at  Gauge  No.  1,  where,  due  to 
the  arrangement  of  nozzles,  the  velocity  of  flow  was  practically 
constant;   at  the  same  time,  the  wave  pressure  can  be  seen  to  have 
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varied  almost  directly  with  the  number  of  gates  opened,  or,  in  other 
words,  with  the  velocity  in  the  main  body  of  the  pipe  line. 

Wave  Synthesis. — In  reviewing  the  charts,  it  was  noted  at  once 
that  they  were  quite  different  in  form  for  points  away  from  the  gate 
from  any  wave  curves  previously  obtained  by  other  investigators  (so 
far  as  the  writer  knows).  Previous  wave  forms,  in  general,  have 
sho^vn  a  period  of  normal  pressure  between  each  super-normal  and 
sub-normal  crest.  In  an  endeavor  to  account  for  this,  a  study  of 
probable  wave  forms  was  made.  The  writer  has  always  felt  that 
the  synthetical  method  advanced  by  Professor  Joukovsky  (which  is 
clearly  explained  by  Miss  Simin*)  was  very  useful  in  studying  prob- 
able wave  effects,  and  such  study  in  the  past  has  been  very  helpful 
to  him. 

A  number  of  studies  by  such  method  were  made  on  the  probable 
wave  forms  which  could  be  expected  in  conformity  with  the  conditions 
existing  in  the  Drum  penstock.  By  such  study,  in  addition  to 
explaining  the  foregoing  form  difference,  a  number  of  features  were 
discovered  which  the  writer  believes  to  be  of  considerable  interest. 

Figs.  30  and  31  cover  one  of  a  series  of  these  studies,  and  have 
been  plotted  for  Gauge  Point  No.  2.  It  is  to  be  noted  that  the  varying 
wave  forms  in  these  diagrams  are  correct  to  horizontal  scale  only, 
and  that  the  vertical  scale  is  a  varying  one  simply  for  con- 
venience in  plotting.  Although  the  wave  forms  given,  there- 
fore, are  characteristic,  they  are  not  to  scale  in  magnitude. 
In  Fig.  31  have  been  built  up  sixteen  succeeding  forms 
of  wave  which  would  be  obtained  with  sixteen  assumptions  of  time 
of  gate  closure,  each  varying  by  4  sec.  From  such  a  series  the  inter- 
esting discovery  was  made  that  the  series  of  wave  forms  is  a  recurring 
one  every  7  sec.  In  other  words,  gate  closures  of  7,  14,  or  21  sec. 
will  have  the  same  corresponding  wave  form  (the  magnitude,  of 
course,  will  decrease  with  each  succeeding  length  of  the  time  of  gate 

opening).     As  7  sec.  is  equal  to   ,  it  will  be  seen,  as  might  have 

been  expected,  that  the  wave  form  is  influenced  only  by  the  phase  in 
which  a  partial  wave  meets  on  its  return  to  the  gate  a  new  wave 
"just  starting." 

•  Proceedings,  Am.  Water  Works  Assoc,  1904,  p.  341. 
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WAVE  FORM   DIAGRAMS  FOR  VARIATION   IN  TIME 

OF  GATE  CLOSURE,  GAUGE  POINT  NO.  2 

Elapsed  Time,  In  Seconds,  of  Actual  Gate  Motion 


J^Sec  Closure 


1  Sec.  Closure 


IKSec.  Closure 


8  Sec.  Closure 


25i3ec.  Closure 


3  Sec.  Closure 


SJiSec.  Closure 


1  Sec.  Closure 


4HSec.  Closure 


5  Sec.  Closure 


5JiSec.  Closure 


6  Sec.  Closure 


6KSec.  Closure 


7!^  Sec.  Closure 


0      I      2      3      4      5      e      7      8      9     10    11     12  13    11    15    16 


Elapsed  Time,  In  Seconds,  of  Apparent  Gate  Motion 
Fig.   30. 
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WAVE  FORM  DIAGRAMS  FOR  VARIATION   IN  TIME  OF  GATE  CLOSURE, 

GAUGE  POINT  NO.  2 
Elapsed  Time,  in  Sccoruls,  of  Actiiul  Gate  Motion 


I  2  3  4  5  0  7  S  0  10  11  12  i:i  11  l.j  10  17  IX  I'J  21)  21  22  2:S  24  25  20  27  2.S  20  30 


Elapaed  Time,  In  Seconds,  o!  Apparent  Gate  Motion 
FlO.    31. 
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From  this  diagram  it  is  seen  that  certain  wave  forms  have  a  period 
of  normal  pressure  between  super-normal  and  sub-normal  crest,  and 
that  others  do  not.     It  is  to  be  further  noted,  on  Fig.  30,  that,  for 

2  L 

a  period  of  gate  closure  less  than ,  all  the  wave  forms  which  occur 

a 

have  such  normal  periods.     Fig.  30  has  been  drawn  to  show  the  forms 

occurring  in  the  first  cycle,  that  is,  for  gate  opening  of  periods  ranging 

4  L 
from  0  to  .      For    the    first   cvcle   the   wave   forms  are   somewhat 

a 

different  from  those  for  any  succeeding  cycle. 

As  previous  experimenters  have  used  very  short  periods  of  gate 
closure,  the  resulting  wave  forms  have  always  been  confined  to  this 
portion  of  the  series. 

In  connection  with  Figs.  30  and  31,  it  is  to  be  noted  that  the 
portion  of  the  wave  shown  to  the  left  of  the  dotted  diagonal  line  across 
the  diagram  represents  the  wave  form  during  the  gate  motion,  and 
that  portion  to  the  right  represents  the  wave  form  after  the  gate 
motion  has  been  completed.  It  should  be  noted  that  no  sub-normal 
pressures  can  occur  previous  to  the  completion  of  gate  motion;  but, 
after  a  motion  is  completed,  the  sub-normal  pressure  is  practically 
of  as  great  a  magnitude,  but  with  reverse  sign,  as  the  super-normal 
pressure.     This  agrees  fully  with  the  charts  obtained  in  the  tests. 

An  inspection  of  the  test  charts,  however,  failed  to  show  any  wave 
crests  until  the  gate  had  been  approximately  three-quarters  closed, 
and  this  is  explained  by  the  fact  that  any  greater  opening  permits 
reflected  waves  to  pass  out  through  the  gate.  Such  failure  to  reflect 
secondary  waves  at  the  gate  would  eliminate  wave  crest  previous 
to  the  completion  of  gate  motion,  as  a  little  investigation  of  the 
diagram,  Fig.  31,  will  show.  At  about  three-quarters  gate  motion, 
reflection  apparently  begins  to  occur.  It  is  to  be  borne  in  mind  in 
this  matter  that  the  nozzle  has  only  a  diameter  of  approximately  8^ 
in.,  whereas  the  penstock  ranges  from  72  to  52  in.  Thus,  the  full 
gate  opening  is  only  a  very  small  portion  of  the  cross-section  of  the 
moving  water  column.  Had  the  experiments  been  made  on  the  ordi- 
nary gate,  having  an  opening  equal  to  the  full  cross-section  of  the 
pipe  line,  the  probabilities  are  that  practically  no  reflections  would 
have  occurred  until  the  very  last  portion  of  the  gate  motion.  Such 
results  would  give  an  apparent  wave  form  similar  to  that  on  which 
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Mr.  "Warren  has  based  his  conclusions.     Although  there  is  no   limit 

0  V 
m   magnitude    (except  that   for  instantaneous  gate   closure,  )   for 

the  portion  of  the  wave  formed  during  the  gate  motion,  the  studies 
herein  submitted  will  show  that  certain  ratios  of  length  of  penstock 
to  time  of  closure  should  tend  to  damp  and  reduce  both  the  magnitude 
and  the  number  of  the  waves  after  the  gate  closure  has  been  completed. 
When  it  is  seen — as  by  the  charts — that  the  pulsations  may  last  from 
5  to  10  min.  in  the  ordinary  penstock,  it  will  be  at  once  apparent 
tliat  the  ultimate  destructive  effect  on  any  line  might  be  importantly 
reduced  by  choosing  a  proper  time  of  gate  closure. 

Below  the  sixteen  forms  studied  in  Fig.  31,  is  shown  the  form 
for  the  actual  gate  period,  69  sec.  This  corresjDonds  to  "Wave  Type 
3.  Although  this  might  apparently  be  considered  nonconformative 
to  the  actual  chart  wave,  it  will  be  noted,  from  the  curve  of  gate 
opening,  that  the  gate  does  not  close  quite  uniformly,  but  has  an 
increasing  rate  of  closure  at  the  end  which  might  draw  the  wave  into 
a  different  phase  from  that  which  would  otherwise  be  expected.  A 
final  rate  of  gate  motion  corresponding  to  a  time  of  opening  of  68  sec. 
should  apparently  give  a  wave  form  corresponding  to  "Wave  Type  5, 
Fig.  31,  which  is  more  nearly  what  was  actually  obtained. 

From  this  it  would  seem  that  by  a  slight  adjustment  of  the  time 
of  gate  opening  between  any  65  and  71  sec,  some  better  form  of 
wave  might  be  obtained  in  the  Drum  line  than  that  actually  now 
existing. 

Amplitude  of  Vibration. — Finally,  a  study  was  made  to  ascertain, 

if  possible,  how  closely  the  formula  for  velocity  of  wave  propagation 

12 

(5) 


IW   /I  D  \ 


could  be  made  to  apply  to  riveted  pipe  lines.    Accordingly,  the  varying 
values  of  a^,  a^,  O3,  etc.,  were  calculated. 

In  using  the  formula  in  connection  with  the  riveted  pipe,  it  was 
necessary  to  make  allowance  for  the  effect  of  joints  and  laps  on  the 
rigidity  of  the  pipe,  and  therefore  on  the  speed  of  wave  propagation, 
a.  Allowance  was  made  for  roimdabout  laps  and  butt  straps  by 
adding  the  total  length  of  such  joints  parallel  to  the  axis  of  the  pipe 
and  calculating  the  time  element  for  an  equal  length  of  pipe  having 
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a  thickness  equal  to  double  the  nominal  thickness  of  pipe  for  lap- 
riveted  work,  and  for  the  butt-strap  material,  using  a  thickness  equal 
to  the  nominal  thickness  plus  the  thickness  of  the  roundabout  strap. 

To  compensate  for  the  extra  rigidity  and  resistance  to  diametrical 
stretch  of  the  longitudinal  joint,  the  additional  quantity  of  metal  in 
tension  was  computed  as  uniformly  distributed  around  the  pipe,  that 
is,  an  average  thickness,  taken  over  and  above  nominal,  was  used. 

The  results  obtained  by  such  method  gave  a  period  of  8.76  sec, 
as  compared  with  a  very  uniform  wave  length  of  6.95  sec.  given  by 
the  charts.  Although  this  did  not  give  as  close  an  agreement  as 
the  writer  had  hoped  for,  the  discrepancy  is  probably  due  to  the  fact 
that  nominal  instead  of  actual  diameters  and  thicknesses  of  pipes 
were  used.  This  wave  period  has  in  no  wise  entered  into  the  fore- 
going tables  or  calculations,  but  was  calculated  as  a  matter  of  interest. 
It  would  be  of  use  in  the  case  of  a  rapidly  moving  gate,  as  entering 
into  the  maximum  possible  value  of  h. 

In  conclusion,  the  writer  again  calls  attention  to  the  fact  that 
the  results  of  these  experiments  show  the  importance  of  allowing  for 
water-hammer  in  the  design  of  pipe  lines,  and  that,  even  for  slow- 
moving  gates,  the  matter  cannot  be  safely  overlooked.  Finally,  he 
hopes  that  others  interested  in  this  subject  will  discuss  these  results 
and  pass  judgment  on  them. 
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Gibson 


Mr._  Norman  U.  Gibson*  M.  Am.  Soc.  C.  E.  (by  letter).— This  paper 
is  one  of  the  most  interesting  and  instructive  that  have  come  to  the 
notice  of  the  writer,  who,  during  the  past  year,  has  had  occasion  to 
make  a  careful  study  of  the  subject.  The  results  of  the  experiments 
are  evidently  reliable,  and  they  supply  the  much  needed  data  with 
which  analytical  calculations  may  be  verified.  With  many  of  the  con- 
clusions of  the  author  the  writer  is  in  accord,  but  not  with  regard 
to  the  general  application  of  his  formula  proposed  for  pressure  variation 
from  normal.  In  the  writer's  opinion,  Mr.  Vensano's  error  lies  chiefly 
in  the  second  assumption  in  the  note  on  the  curve  shown  in  Fig.  28, 
namely,  "penstock  velocity  assumed  to  vary  directly  as  the  time  of 
opening  or  closing  nozzle";  and  this  assumption,  apparently,  has  led 
to  an  incorrect  interpretation  of  the  data  obtained  from  his  experi- 
ments. The  close  agreement  between  the  calculated  values  of  p  and 
the  values  obtained  by  the  experiments  is  due  to  the  fact  that  the 
head  acting  on  the  nozzle  was  very  high,  in  which  case  the  retardation 
of  the  flow  of  water  in  the  pipe  was  more  nearly  uniform  than  it  would 
have  been  under  a  lower  head.  To  apply  the  author's  formula  to  pipes 
under  comparatively  low  head,  however,  would  lead  to  results  which 
it  is  doubtful  would  be  confirmed  by  experiment. 

The  influence  of  the  net  head  on  the  flow  of  water  in  pipes,  and 
the  consequent  rise  of  pressure  caused  by  gradually  stopping  the  flow, 
has  been  made  the  subject  of  a  paper  prepared  recently  by  the  writer, 

in  which   formulas  are   derived   from  Joukovskv's   formula,  h  =  , 

y 

for  instantaneous  water-hammer.  This  paper  at  the  present  time  is 
undergoing  revision,  by  request,  to  make  it  more  easily  understood, 
and  it  is  hoped  will  soon  be  in  shape  for  publication.  The  treatment 
of  the  subject  as  contained  therein  is  too  long  to  be  introduced  here 
as  a  discussion  of  Mr.  Vensano's  paper,  but  the  results  of  his  experi- 
ments are  so  closely  in  accord  with  the  writer's  analytical  results 
that  it  is  hoped  a  brief  explanation  of  them  will  be  found  helpful  in 
studying  the  data. 

The  influence  of  the  net  head  on  the  phenomena  that  occur  in  a 
pipe  when  the  flow  is  being  arrested  cannot  be  neglected,  because  the 
rate  of  retardation  of  the  flow  depends  on  two  factors :  first,  the  closing 
of  the  gate,  and  second,  the  head  acting  on  the  orifice  at  the  gate.  In 
other  words,  the  velocity  of  the  water  in  the  pipe  depends  on  the  area 
of  the  gate  opening  and  the  net  head  acting  on  that  opening.  The 
magnitude  of  the  rise  of  pressure  caused  by  gradually  closing  the  gate 
depends  on  the  velocity  destroyed,  the  rate  at  which  it  is  destroyed, 
the  length  of  the  pipe  line,  the  compressibility  of  water,  and  the  elas- 
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ticity  of  the  pipe.  The  last  two  factors  are  taken  into  consideration  Mr. 
in  the  velocity  of  the  pressure  wave,  a,  as  determined  by  Joukovsky, 
with  which  all  students  of  this  subject  are  familiar.  For  an  instan- 
taneous closing  of  the  gate,  the  magnitude  of  the  pressure  rise  depends 
only  on  the  velocity  destroyed,  the  compressibility  of  water,  and  the 
elasticity  of  the  pipe. 

The  relation  between  the  velocity  in  the  penstock,  the  area  of  the 
gate  opening,   and  the  net  head,  may  be  expressed  by  the  equation, 

V  =B  s/H (1) 

where  V  =  velocity  of  flow  in  pipe  of  uniform  diameter,  in  feet  per 
second; 
H  =  net  head  acting  on  the  orifice,  in  feet ; 
B  ^=  simply  a  number  representing  the  gate  opening. 
During  the  closing  of  the  gate,  all  three  of  these  quantities  vary. 
V  and  B  become  zero,  and  H  rises  to  its  maximum  value.     The  rate 
at  which  B  varies  is  known  from  the  movement  of  the  gate.    The  rate 
at  which   V  varies  is  unknown,  and  depends  on  the  increase  in  the 
value  of  H,  which  is  also   unknown.     At  all  times   during  the  gate 
opening,  however,  the  relation  of  the  three  variables,  as  expressed  by 
the  equation,  must  be  maintained. 

Joukovsky's  formula  for  the  rise  of  pressure  caused  by  an  instan- 
taneous closing  of  the  gate  in  a  pipe  is 

where  /i  =  rise  of  pressure,  in  feet ; 

a  =  velocity  of  the  pressure  wave,  in  feet  per  second ; 
g  =  acceleration  due  to  gravity.  ' 

For  a  slight  instantaneous  change  in  velocity, 

^  h  =  —  /I  V (2) 

g 

The  determination  of  the  value  of  a  has  been  explained  by  the 
author,  and  need  not  be  repeated  here.  As  already  stated,  the  derivation 
of  the  writer's  formulas  for  the  rise  of  pressure  caused  by  the  gradual 
closing  of  turbine  gates,  is  too  long  to  be  given  here,  and  the  formulas 
themselves  are  too  complex  to  be  used  without  a  lengthy  explanation. 
Using  Equations  (1)  and  (2),  however,  a  numerical  problem  may  be 
solved  by  the  trial  and  error  method  of  arithmetic  integration  for  the 
conditions  under  which  Mr.  Yensano's  experiments  were  performed. 
The  calculated  results  may  then  be  compared  with  those  obtained  by 
experiments. 

It  is  unfortunate  that  the  pipe  line  described  by  the  author  is  of 
varying  diameter,  as  this  complicates  the  problem  at  the  outset,  and 
no  doubt  accounts  to  some  extent  for  the  difference  he  found  between 
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Mr.     the  calculated  and  observed  values  of  the  wave  period.     The  observed 
value  of  the  wave  period,  namely,  6.95  sec,  will  be  used  in  the  following 

calculations,  and  from  it  is  found  the  value  of  «,  as  =  0.95  sec. 

a 

r^.        .  4  X  6.337.42 

Therefore,  a  —  -— — =  3  647  ft.  per  sec. 

6.9.5 

After  determining  the  value  of  a  by  calculation  or  experiment, 
it  would  appear  reasonable  to  assume  that  the  pipe  was  of  uniform 
diameter,  such  that  the  velocity  in  it  was  a  weighted  mean  of  all 
the  velocities  in  the  various  sections  with  respect  to  their  length. 
That  is  to  say,  the  sum  of  the  products,  L^  V^,  L^  F,,  L^  V^,  etc., 
divided  by  the  total  length  of  the  pipe,  would  give  a  mean  velocity, 
which,  if  gradually  destroyed,  would  cause  the  same  pressure  rise  as 
would  be  caused  by  the  destruction  of  the  various  velocities  in  the 
pipe  as  it  actually  existed.  Such  an  assumption  may  be  questioned, 
but  it  simplifies  the  labor  of  making  the  calculations,  and  in  this  case, 
at  least,  seems  to  be  justified  by  the  results. 

Table  3  presents  the  pipe  data,  from  which  the  mean  velocities  were 
thus  found  to  be: 

15.055  ft.  per  sec.  when  Q  =  365  cu.  ft.  per  sec. 
7.672    "      "      "        "      Q=  186     "     "      "     " 
3.877    "      "      "        "      Q=    94     "     "      "      " 

TABLE  3.— Pipe  Data.   Q  =  365. 


Division. 

Diameter, 
in  inches. 

Area,  in 
square  feet. 

Velocity. 

Length. 

LV 

1  

20-26 
26 
36 
52 
54 
60 
66 
72 

2.93 

3.68- 
7.068 
14.748 
15.904 
19.635 
23.758 
28.274 

33.30 

34.740 

35.818 

24.740 

22.950 

18.589 

15.363 

12.909 

4.0 

33.35 

18.0 

194.17 

4.55.4 

738.0 

768.0 

4136.6 

133  2 

0 

825  0 

.3  

464  7 

4  

4803  7 

10451  5 

6 

13532  9 

11798  8 

8 

53400.2 

6337.42 

95410.0 

For  Q  =  365  Mean  T"  = 

For  Q  =  186  Mean  V  = 
For  Q  ^    94  Mean  V  = 


95  ^10 

=  15.055  ft.  per  sec. 

6337.42  ^ 

=     7.672    "     "     " 

=     3.877    "     "     " 


The  calculations  to  determine  the  rise  of  pressure  for  the  conditions 
under  which  the  author's  Experiments  Nos.  15  and  16  were  performed, 
are  tabulated  in  Table  4.     These  may  be  explained  as  follows: 

The  static  head  with  gate  closed  was  582  lb.  =  1  341  ft.  The  gauge 
reading  at  the  gate  was  540  lb.  =  1  244  ft.     To  this  must  be  added 
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the  velocity  head,  due  to  the  velocity  at  the  gate,  which  was  32.4  ft.     Mr. 
per  sec.     The  velocity  head,  therefore,  was  16.3  ft.,  and  the  total  net  ^'^^*^°- 
head   producing   discharge   through   the   orifice   was   1 260.3   ft.      The 
head  lost  in  friction  imder  the  full  flow  was  1  341  —  1  260  =  81  ft.    The 
value  of  B  may  now  be  found  from  Equation  (1), 

r  15.055 


B  = 


s/ H         \/l260 


0.4241. 


TABLE  4. 


(1) 

(2) 

(3) 

U) 

(5' 

(6) 

(7) 

f8) 

(9) 

Interval. 

Gate. 
B 

Head. 
H 

Velocit}'. 
V 

113  A  V 
Ah 

2  AA 

0.3574   V2 

Ahf 

2  (A  7, 

0 

0.4241 

1260.0 

15.055 
n.l55 

17.5 

81.0 

1 

0.41 68 

1279.2 

14.90 
0.29 

33.8 

17.5 

79.3 

1.7 

19.2 

3 

0.4084 

1279.8 

14.61 
0.28 

31.7 

15.3 

76.5 

4.5 

19.8 

3 

0.3995 

1284.0 

14.33 
0.33 

37.3 

16.4 

73.4 

7.6 

24.0 

4 

0.3895 

1391.8 

14.00 
0.37 

41.8 

20.9 

70.1 

10.9 

31,8 

5 

0.3784 

1205.5 

13.63 
0.42 

47.5 

20.9 

66  4 

14.6 

35.5 

6 

0.3657 

1305.3 

13.21 
0.49 

55.4 

26.6 

62.3 

18.7 

45.3 

7 

0.3513 

1311.8 

12.72 
0.53 

59.8 

23.6 

58.0 

23.0 

51.8 

8 

0.8354 

1319.0 

13.19 
0.60 

67.8 

31.0 

53.0 

28.0 

59.0 

9 

0.3180 

1329.8 

11.59 
0.65 

73.0 

S6.8 

48.0 

33.0 

69.8 

10 

0.2991 

1334.9 

10.94 
0.72 

81.3 

36.7 

42.8 

38.2 

74.9 

11 

0.2781 

1348.2 

10.22 
0.84 

94.8 

44.6 

37.4 

43.6 

88.2 

12 

0.2544 

1359.7 

9.38 
0.92 

104.0 

50.2 

31.5 

49.5 

99.7 

13 

0.22J<5 

1369.2 

8.46 
0.97 

109.5 

53.8 

25.6 

55.4 

109.2 

14 

0.2009 

1376.6 

7.49 
1.07 

121.0 

55.7 

20.1 

60.9 

116.6 

In 

0.1719 

1391.6 

6.42 
1.15 

130.0 

65.3 

14.7 

66.3 

131.6 

16 

0.1411 

1395.8 

5.27 
1.21 

136.8 

64.7 

9.9 

71.1 

135.8 

17 

0.1083 

1407.2 

4.06 
1.33 

150.1 

72.1 

5.9 

75.1 

147.2 

18 

0.0725 

1416.3 

2.73 
1.365 

151.2 

78.0 

2.7 

78.3 

156.3 

19 

0.0363 

1416.5 

1.365 
1.365 

154.2 

76.2 

0.7 

80.3 

156.5 

20 

0. 

1419.0 

0. 

78.0 

0. 

81.0 

159.0 

The  rate  at  which  B  varies  is  not  uniform,  as  is  shown  by  the 
author's  curve  on  Fig.  6.  From  this  curve  the  time  of  gate  closure 
is  shown  to  have  been  about  69  sec.  During  that  time  the  pressure 
wave  started  by  the  first  movement  of  the  gate  would  travel  up  to 
the  forebay  and  back  at  the  rate  of  3  647  ft.  per  sec,  and,  therefore, 
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Gibson  ^°^^^  make  19.88  return  trips.     For  the  sake  of  simplicity,   assume 

■  that  20  return  trips  were  made.     It  should  be  remembered  that  the 

velocity   of   the   pressure   wave   is   constant   and    independent   of   the 

magnitude  of  the  wave.     Now  assume  that  the  gate  was  closed  in  20 

instantaneous  movements,   each  movement   occurring   regularly   every 

seconds.     The  time, ,  will  be  called  one  "interval." 

a  a 

The  value  of  B  at 'each  movement  of  the  gate  may  now  be  deter- 
mined from  the  author's  curve  in  Fig.  6,  by  dividing  the  time  base 
into  20  even  spaces  and  multiplying  0.4241  by  the  ratio  of  the  area 
of  nozzle  opening  opposite  each  division  to  the  full  area  of  nozzle  open- 
ing. The  result  should  be  plotted  on  a  curve,  and,  after  smoothing  out 
the  irregularities,  the  values  of  B  may  be  taken  olf  and  recorded,  as 
shown  in  Column  2  of  Table  4. 

Table  4  may  now  be  completed  as  follows :  In  the  first  line  opposite 
B  =  0.4241,  set  down  in  Columns  3,  4,  and  7  the  knowai  values  of 
H,  V,  and  hf  (friction  head).  Next  assume  a  trial  reduction  in  velocity, 
caused  by  the  initial  instantaneous  movement  of  the  gate,  and  set  the 
figure  down  in  Column  4  imder  the  value  of  V,  and  subtract  it  from 
V,  placing  the  difference  immediately  underneath.  This  trial  figure 
is  JV,  and  is  assumed  to  be  destroyed  instantaneously  by  the  first 

movement  of  the  gate.     A  pressure  wave,  /J  h,  of  masrnitude  =  -^ — 

g 

=  (J  V)  -^T^r-^   =   113  ^    V,  is  therefore  started    up   the  pipe.      The 

product  of  113  ^V  is  set  down  in  Column  5,  opposite  JF.  In  Column 
6  is  recorded  the  algebraic  sum  of  the  values  of  Jli.  In  Column  7 
the  total  friction  head,  due  to  the  velocity  shown  in  Column  4,  is  set 
down,  and  in  Column  8,  the  friction  head,  recovered  at  each  operation, 
is  shown.  For  convenience,  hf  may  be  made  equal  to  C  V^,  in  which 
C  is  a  coefficient  obtained  from  the  known  values  at  the  beginning. 
In  the  example,  C  =  0.3574.  Column  9  shows  the  sum  of  the  opposite 
items  in  Colunms  6  and  8.  Having  obtained  the  figure  in  Column  9, 
it  is  added  to  the  net  head,  H  =  1  260,  and  the  sum  is  set  down  in  the 
next  lower  line  in  Column  3.  The  result  must  now  be  checked  to 
see  that  B  \/  H  ^^  V,  where  B  is  now  0.4168,  and  H  and  V  are  the 
values  opposite.  If  the  relation  is  not  satisfied,  a  new  trial  value  of 
^V  must  be  chosen,  and  the  operations  repeated  until  a  check  is 
obtained.  After  trial,  the  initial  value  of  //F  was  found  to  be  0.155. 
The  operations  for  obtaining  the  figures  on  the  third  line  are  not  quite 
the  same  as  those  just  described,  because,  after  assuming  the  next 
trial  value  of  ^V,  and  multiplying  it  by  113,  it  must  be  remembered 
that  the  resulting  pressure  at  the  gate  is  reduced  by  the  return  of 
the  first  wave  which  has  traveled  up  to  the  forebay  and  back,  and  now 
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changes  to  sub-normal  and  repeats  the  journey.     The  time  at  which     Mr. 
the  gate  is  given  its  second  movement,  has  been   selected  purposely 
to   coincide   with   the   return   of   the  first   wave.      The   item   opposite 
Interval  2,  in  Column  6,  therefore,  is  the  difference  between  the  first 
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two  figures  in  Column  5.  The  other  operations  are  similar  to  those 
already  described,  and  the  resulting  figures  in  Columns  3  and  4  are 
checked  similarly  with  the  value  of  B  =^  0.40S4.  The  succeeding  lines 
are  filled  in  by  the  same  process,  always  keeping  in  mind  the  return 
of  the  preceding  waves,  and  whether  they  change  to   sub-normal   or 
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Mr.  super-normal.  A  little  study  will  disclose  the  fact  that  the  figure 
Gibson,  -j^  ^j^g  second  line  of  Column  6  may  be  obtained  by  subtracting  the 
figure  in  the  first  line  of  Column  6  from  the  figure  in  the  second  line 
of  Column  5.  Similarly,  the  figure  in  the  third  line  of  Column  6 
may  be  obtained  by  subtracting  the  figure  in  the  second  line  of  Column 
6  from  the  figure  in  the  third  line  of  Column  5. 

Proceeding  in  this  manner  (a  task  easier  to  do  than  to  explain, 
and  one  which  becomes  easy  with  a  little  practice),  the  whole  of  Table  4 
is  filled  out,  and  the  resulting  maximum  value  of  H  is  found  to  be 
1  419  ft.  As  the  hydraulic  gradient  has  arisen  to  1  341  ft.  during  the 
gate  closure,  the  rise  of  pressure  above  normal  is  78  ft.  =  33.85  lb. 
The  average  obtained  by  Experiments  15  and  16  was  30.25  lb.,  the 
maximum  being  32.5  lb.,  and  the  minimum  28  lb. 

The  maximum  pressures  at  intermediate  points  on  the  pipe  line 
may  now  be  found  by  plotting  Fig.  32,  in  which  the  length  of  pipe 
line  is  the  abscissa  and  the  pressure  rise  at  the  gate  is  the  ordinate. 
A  straight  line  from  the  ordinate  at  the  gate  to  zero  at  the  beginning 
of  the  pipe  determines  the  ordinates  of  pressure  rise  at  intermediate 
points.  At  Gauge  No.  2,  the  pressiire  rise  shown  by  this  diagram  is 
20.2  lb.,  and  the  average  of  the  experimental  values  is  19.9  lb.,  the 
maximum  being  21.5  lb.,  and  the  minimum  18.0  lb.  At  Gauge  No.  3, 
the  diagram  shows  10.5  lb.,  and  the  average  of  the  experimental  values 
is  10.2  lb.,  the  maximum  being  11.2  lb.,  and  the  minimum  9.7  lb.  On 
the  diagram  the  other  calculated  and  experimental  results  have  been 
plotted,  from  which  the  close  agreement  between  the  two  may  be 
noted. 

The  foregoing  method  may  be  followed  to  determine  the  rise  of 
pressure  in  a  pipe  line  caused  by  a  shut-down  under  any  conditions. 
If  smaller  changes  of  gate  movement  are  selected,  say  40  or  80  move- 
ments during  the  closure,  the  increments  of  pressure  at  each  operation 
become  smaller,  but  it  is  a  singular  fact,  though  easily  understood, 
that  the  magnitude  of  pressure  rise  at  the  end  of  each  whole  "interval" 
is  exactly  the  same  as  when  the  integration  is  performed  by  using  gate 
movements  one  "interval"  apart.  The  formulas  developed  by  the 
writer  are  based  on  the  foregoing  method,  but  determine  the  rise  of 
pressure  at  the  end  of  each  interval,  or  at  any  time  during  the  interval, 
without  recourse  to  trial  and  error  work.  It  will  be  noted  that  this 
method  gives  maximum  water-hammer  for  any  duration  of  closure  from 

zero  up  to  1  "interval,"    ( )  .     As  the  duration  of  closure  becomes 

longer,  the  resulting  rise  of  pressure  obtained  by  the  method  finally 
approaches  the  value  given  by  Allievi's  well-known  formula,  the  curves 
having  the  general  characteristics  shown  in  Fig.  33.  On  this  figure 
the  corresponding  curves  obtained  from  the  formulas  of  Allievi,  Vensano, 
and  Warren  are  shown  for  comparison. 
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Mr.  The  writer's  conclusion,  tlierefore,  is  that  Mr.  Vensano's  formula, 

GibsoD  2L  V  . 

h  =  r  is  exactly  correct  when  H  is  infinite,  and  is  approximately 

correct  when  //  is  very  large.     The  formula  is  not  applicable,  however, 
when  H  is  relatively  small. 

There  are  many  other  interesting  features  of  this  subject,  which, 
owing  to  lack  of  time,  will  have  to  be  reserved  for  future  discussion. 
Among  these  are  the  wave  forms  shown  by  the  graphic  charts,  a  close 
examination  of  which  seems  to  show  that  they  possess  characteristics 
similar  to  the  theoretical  forms  of  the  waves  at  the  various  points 
along  the  pipe,  the  tops  of  the  waves,  it  will  be  noticed,  becoming  flatter 
as  the  upper  end  of  the  pipe  is  approached,  and  sharper  as  they  get 
nearer  the  gate. 

In  conclusion,  the  writer  would  like  to  express  his  appreciation  of 
the  valuable  information  which  Mr.  Vensano  has  presented. 
Mr.  EuDOLPH  Hering,*  M.  Am.  Soc.  C.  E. — This  paper  deserves  favorable 

comment.     It  covers  an  important  practical  question  on  which  a  great 
deal  more  information  than  we  now  have  is  needed. 

The  speaker  thinks  that  there  is  still  another  aspect  of  this  subject, 
which  is  not  practically  important  in  the  question  discussed,  but  is 
of  interest  and  x>erhaps  of  value  in  other  directions. 

A  mathematician  who  delves  into  this  subject  from  a  more  general 
point  of  view  may  be  assisted  in  considering  the  results  which  are 
inevitable  when  two  bodies  move  over  each  other  so  that  they  cause 
frictional  resistance.  The  subject  was  referred  to  by  the  speaker  in 
the  discussion  of  a  paper  before  this  Society  many  years  ago.  When 
air,  liquids,  or  solids  move  or  slide  over  each  other,  pulsations  are 
caused,  which  sometimes  are  quite  strong.  It  may  be  remembered  that 
it  sometimes  takes  two  firemen  to  hold  the  nozzle  steady  when  a  fire 
stream  is  issuing  at  a  great  velocity.  Left  alone  on  the  ground,  the 
nozzle  would  vibrate  considerably.  At  the  long  outfall  sewer  in  Bir- 
mingham, England,  with  no  gate,  there  was  a  regular  oscillation  of 
the  water  surface  near  the  outlet  to  the  extent  of  several  inches.  No 
explanation  was  given.  A  flag  flying  in  the  wind  shows  oscillations 
caused  by. the  flow  of  air  against  a  solid.  A  trailing  rope  behind  a 
moving  boat  shows  oscillations  caused  by  water  flowing  against  a 
solid.  Unless  a  ball  fired  from  a  gun  is  given  a  rotary  motion  in  the 
barrel,  it  will  not  travel  a  steady  course,  but  will  oscillate.  True 
solids  moving  over  each  other  under  favorable  conditions  cause  vibra- 
tion, generally  sufficiently  rapid  to  make  a  sound.  Water  dropping 
through  air  or  forced  through  a  fixed  body  of  water,  will  not  travel 
like  a  rod  or  sheet,  but,  by  friction,  will  break  up  into  globules  which 
are  started  by  the  same  forces  as  cause  vibrations  under  other  con- 
ditions. 

•  New  York  City. 
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The  speaker  believes  that  this  is  not  only  an  interesting  subject,  Mr. 

but  that  its  mathematical  generalization  may  help  engineers  to  find  ^"°^- 
better  solutions  for  many  practical  problems. 

E.  D.  Johnson,*  Esq.— There  is  one  point  in  Mr.  Gibson's  discus-  Mr. 

...  ,  ,       .  Johnson. 

sion  which  seems  to  deserve  emphasis. 

Mr.  Gibson  calls  attention  to  the  fact  that  the  actual  state  of 
pressure  existing  in  the  water  column  prior  to  interruption  of  flow 
has  a  marked  influence  on  the  rise  of  pressure  due  to  such  interruption. 

This  statement,  of  course,  is  not  a  novel  one,  and  may  seem  quite 
obvious,  but  neither  Mr.  Vensano  nor  Mr.  Warren  seems  to  have  a 
proper  appreciation  of  the  fact. 

The  speaker  recalls  his  criticism  of  Mr.  Warren's  paperf  on  this 
same  subject  when  he  called  attention  to  the  error  introduced  by 
reason  of  neglect  of  the  prior  head,  in  computing  the  rise  of  pressure. 

Mr.  Warren  replied,  in  summing  up,  that  any  formula  which  varied 
its  results  with  the  static  head  must  be  inherently  wrong. 

Svich  diversity  of  opinion  on  a  perfectly  definite  matter  should 
not  continue  to  befog  these  studies,  and  it  is  a  satisfaction  to  note 
that  Mr.  Gibson  has  apparently  cleared  up  this  point  beyond  further 
question. 

Any  formula,  such  as  Mr.  Yensano's  or  Mr.  Warren's,  which  does 
not  involve  the  prior  static  head  must  be  inherently  wrong,  from  a 
practical  point  of  view. 

The  speaker  takes  no  exception  to  Mr.  Vensano's  formula,  if  and 
when  there  is  actually  uniform  diminution  of  the  quantity  of  water 
discharged  through  the  gate,  during  closure;  but  this  is  never  the  case 
for  finite  head,  with  a  uniform  closure  of  the  gate,  and  neither  is  it 
so  for  the  particular  variable  rate  obtaining  in  the  experimental  work 
which  Mr.  Yensano  considers  to  justify  his  formula. 

As  a  theoretical  expression  of  the  true  rise  in  pressure  in  a  practical 
case  of  slowly  interrupted  flow,  this  formula  can  have  no  proper  place 
in  engineering  literature,  and  should  be  finally  and  conclusively  dis- 
carded. 

The  method  of  predetermining  pressure  rise,  as  illustrated  by  the 
speaker  in  criticism  of  Mr.  Warren,  proven  many  times  experimentally, 
is  practically  accurate  for  slow-closing  gates,  at  ordinary  heads,  when 
friction  is  taken  into  account,  and  this  factor  may  easily  be  considered 
as  there  pointed  out,  although  the  numerical  illustration  did  not 
include  it. 

For  rapid-closing  gates  the  well-known  formula  of  Joukovsky  must 
be  borne  in  mind,  and  just  what  constitutes  slow-closing  and  what 
takes  place  for  intermediate  rates  of  closing  is  apparently  demonstrable 
by  such  methods  as  those  outlined  by  Mr.   Gibson  in  his  discussion. 

*  New  York  City. 

t  Transactions,  Am.  See.  C.  E.,  Vol.  LXXIX,  pp.  277-281. 
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Mr.  If   the   static   head    affecting   Mr.   Vensano's    experiments,    or   the 


Johneon 


Warren 


manner  of  gate  motion  during  closure,  had,  either  or  both,  been  mate- 
rially different,  the  rise  of  pressure  would  probably  not  so  nearly  have 

L  V 

agreed  -with  the  formula,  2  — — -,  in  fact,  it  could  not,  except  by  a  coin- 
cidence of  conditions,  and  this  agreement  which  he  finds  must  be 
regarded  as  purely  accidental. 
Mr._  MiNTON  M.  Warren,*  Assoc.  M.  Am.  Soc.  C.  E.  (by  letter). — As 
far  as  the  writer  knows,  Mr.  Vensano's  excellent  paper  is  the  first  to 
present  data  obtained  from  reliable  tests  on  slow  closing  of  gates  in  a 
pipe  line. 

As  the  writer  stated  in  the  closing  discussion  of  his  paper  on  the 

2  L  V 

same    subject,!    the    formula,  h  — — ,  if   backed    by  experimental 

graphs,  would  have  a  very  strong  case.  Although  Mr.  Vensano's  data 
do  strengthen  this  case  considerably,  they  do  not  prove  it,  for  the 
following  reasons : 

1. — All  the  results  are  obtained  from  one  pipe  line  where,  owing 
to  varying  pipe  size,  nozzle  conditions,  etc.,  the  agreement  of 
results  with  the  formula  may  easily  be  an  accident. 
2. — In  the  pipe  line  in  question,  the  fact  that  the  nozzle,  which 
was  closed,  was  very  small  in  comparison  with  the  pipe  size, 
makes  a  special  condition  which,  by  aiding  wave  reflection, 
would  tend  to  increase  the  water-hammer. 
3. — The  formula  contains  no  term  affected  by  the  period  of  the 
wave  in  the  pipe,  which  must  have  an  effect  on  the  water- 
hammer,  especially  in  comparatively  quick  closing  of  gates. 

The  reason  for  the  varij:.tion  of  these  results  from  those  obtained 

L  V 

with  the   writer's  formula,  h  = — ,  is  due  to  these  special 

conditions,  and  the  violation  of  the  first  assumption  on  which  this 
formula  is  based.  If  used  properly,  this  formula  still  seems  to  be  the 
best  for  general  use. 

In  deducing  his  formula  by  impulse  and  momentum,  Mr.  Vensano 
uses  the  whole  mass,  but  uses  the  time,  T,  at  the  end  of  which  the 

L 
upper  end  of  the  mass  is  still  moving.     The  writer  believes  that  T  —  — 

should  be  used,  as  explained  in  his  paper. 

L  V 

The   formula,   h  =  — — ,  and   Allievi's  formula — which  Mr.  R.   D. 

Johnson    also    advocates — are    absolutely    wrong    and    should    be    dis- 

*  Cambridge,  Mass. 

t  Transactions,  Am.  Soc.  C.  E.,  Vol.   LXXIX,  p.  305. 


Vensano. 


DISCUSSION"   ON   PULSATIONS   IN   PIPE   LINES  247 

carded  once  and  for  all.     The  absurdity  of  the  latter  was  pointed  out     Mr. 
by  the  writer  in  a  letter*  in  which  it  was  shown  to  give  impossible 
results,  in  some  cases  several  thousand  per  cent,  too  high.     Mr.  Ven- 
sano's  formula  is  at  least  on  the  safe  side,  and  never  more  than  100% 
high. 

H.  C.  VEi;sAXO,t  M.  Am.  Soc.  C.  E.  (by  letter). — The  writer  desires  ^^  Mr. 
to  thank  Messrs.  Gibson,  Hering,  Warren,  and  Johnson  for  their  criti- 
cisms. As  Mr.  Johnson's  criticism  is  of  the  destructive  variety,  it  is 
not  very  helpful.  His  contention,  that  the  agreement  between  the 
formula  advanced  and  the  experimental  work  is  merely  a  coincidence, 
is  scarcely  to  be  taken  seriously,  especially,  when  the  writer  adds  that 
in  a  previous  set  of  experiments  the  time  of  gate  opening  was  about 
50  sec.  Due  to  the  fact  that  the  recording  apparatus  was  not  registering 
properly,  the  charts  were  not  preserved,  but  the  results  agreed  quite 
well  with  the  subsequent  work.  In  these  later  experiments,  varying 
times  of  gate  opening  would  have  been  used  had  it  been  possible,  but 
the  plant  was  then  operating  to  produce  power,  and  the  time  of  gate 
opening  could  not  be  changed. 

Mr.  Gibson's  criticism,  on  the  other  hand,  is  constructive,  and  is 
therefore  of  more  interest.  Due  to  the  brief  way  in  which  Mr.  Gibson 
has  advanced  his  theory,  the  writer  feels  unable  to  comment  on  it.  He 
will,  meanwhile,  take  great  interest  in  Mr.  Gibson's  coming  paper. 

It  is  to  be  noted,  however,  that  though  Mr.  Gibson's  mathematical 
illustration  apparently  agrees  with  the  experimental  results  obtained 
by  the  writer,  his  diagram  does  not  show  that  this  would  be  the  case. 
Unfortunately,  it  has  not  been  extended  to  cover  his  mathematical 
illustration,  but  it  is  very  evident  that,  with  heads  higher  than  200  ft., 
his  curves  will  approach  Mr.  Warren's  very  closely.  Mr.  Warren's 
curve  gives  results  only  about  one-half  as  great  as  those  obtained  by 
the  writer's  formula  and  corroborated  by  his  experiments. 

Mr.  Gibson's  chief  objection  to  the  writer's  formula  is  based  on 
the  fact  that  the  assumption  was  made  that  "the  penstock  velocity  was 
assumed  to  vary  directly  as  the  time  of  opening  or  closing  the  nozzle". 
The  writer  realized  a  slight  weakness  in  his  deductions,  because  of 
this  very  assumption,  and  purposely  introduced  Fig.  6  to  show  the 
degree  of  approximation  involved  in  it.  However,  referring  to  this 
diagram,  it  will  be  noted  that,  during  the  opening  of  the  nozzle,  the 
ratio  of  nozzle  opening  to  time  is  a  constant,  but  the  total  change  of 
nozzle  velocity  is  only  about  5  per  cent.  In  other  words,  for  the  nozzle 
opening,  this  assumption  is  very  close  to  the  truth.  For  the  nozzle 
closing,  this  is  not  so  true,  due  to  some  variation  in  rate  of  gate  motion, 
as  shown  by  the  diagram,  but  this  change  is  very  slight  for  the  first 
30  sec,  of  the  gate  motion.    A  study  of  the  surges  shown  by  the  opening 

*  Engineering  Neics-Record,  August  16th,  1917,  p.   320. 
t  San  Francisco,  CaL 


Vensano 
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Mr.  diagrams  and  also  a  study  of  the  first  30-sec.  period  of  the  curve  of 
the  closing  diagram  will  show  that  the  writer's  formula  is  accurate 
for  these  conditions,  and  would  tend  to  prove  that  this  assumption  has 
very  little  bearing  on  the  total  result. 

Mr.  Gibson  also  makes  a  statement  that  his  work  is  based  on  the 
work  of  Professor  Joukovsky  and  takes  into  account  all  the  factors 
considered  by  that  writer,  the  apparent  implication  being  that  the 
writer's  work  did  not  take  into  account  all  such  factors.  This  is 
not  the  case,  and,  as  a  matter  of  fact,  all  the  writer's  ideas  were  based 
on  those  of  Joukovsky,  and  all  like  factors  were  considered  and  included 
in  the  formula  advanced. 

Mr.  Warren,  in  his  third  objection  to  the  paper,  also  states  that 

the  formula   cannot  be   correct,   as  it  "contains  no   term  affected  by 

the  period  of  the  wave  in  the  pipe".     Although  the  final  formula  does 

not   include   such   a   term   directly,  the  period  of  the  pipe  has   been 

taken  into  account,  as  will  be  noted  in  Equation  7,  in  which  it  will 

be  seen  that  each  portion  of  the  right-hand  side  contains  a  term  of 

2  L 
the  form, .     These  terms,  as  a  whole,  take  into  account  the  period 

of  the  pipe,  and,  in  the  final  equation,  they  have  been  eliminated  by 
cancellation  and  change  of  form,  but  the  period,  nevertheless,  has 
been  taken  into  careful  consideration  as  limiting  the  rise  of  pressure. 

Although  the  views  expressed  by  Messrs.  Gibson  and  Johnson 
are  apparently  considerably  at  variance  with  the  writer's,  some 
explanation  of  the  differences  may  be  possible.  It  is  remarkable, 
sometimes,  how  different  viewpoints  lead  to  apparently  widely  different 
results.  As  Mr.  Johnson  apparently  agrees  with  Mr.  Gibson,  and  as 
both  are  interested  in  problems  of  power  generation,  it  is  possible 
that  their  research  work  has  been  with  a  view  to  voltage  and  speed 
control  of  electric  generating  apparatus.  Also,  in  view  of  the  fact 
that  Mr.  Gibson's  diagrams  deal  only  with  low  heads  (200  ft.  head 
being  considered  very  low  in  Western  practice),  it  is  probable  that 
the  experiments  to  which  they  refer  were  made  in  connection  with 
turbine  installations;  in  other  words,  with  a  turbine  acting  as  the 
pipe  gate. 

The  writer's  experiments,  on  the  other  hand,  were  made  with  a 
view  to  studying  "water-hammer"  as  affecting  the  design  of  pipe  lines. 
An  impulse-wheel  rather  than  a  turbine  installation  was  chosen  for 
experimentation,  for  the  reason  that  the  small  nozzle  (gate)  opening 
compared  with  the  cross-section  of  the  pipe  line  would  give  almost 
complete  reflection  of  partial  pressure  waves  at  that  end  of  the  pipe. 
This  condition  of  complete  reflection  would  give  the  simplest  and 
truest  condition  of  water-hammer.  It  will  be  noted  that,  neglecting 
the  20-  and  36-in.  pipe,  which  is  actually  part  of  the  nozzle  body,  the 
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area  of  opening  is  only  2.2%  of  the  cross-section  of  the  pipe  line  for      Mr. 
one  nozzle  opened,  or  about  9%  with  four  nozzles  opened.  vensano. 

In  using  a  turbine  as  the  gate  control,  one  would  ordinarily  have 
a  very  large  proportionate  gate  opening,  practically  oftentimes  the 
full  area  of  the  pipe  line.  Under  such  circumstances,  no  reflection  of 
partial  pressure  waves  would  be  obtained  until  the  gate  was  almost 
closed.  A  study  of  the  writer's  diagrams,  Figs.  30  and  31,  would 
indicate  that,  without  reflection  of  partial  pressure  waves,  the  maximum 
pressure  might  rise  to  a  higher  value  than  given  by  his  formula.  This 
would  in  no  wise  minimize  the  usefulness  of  the  formula  submitted, 
but  would  represent  a  difference  in  physical  conditions  similar  to  that 
produced  if  sound-wave  experiments  were  being  performed  on  an 
open  organ  pipe,  rather  than  on  one  with  a  closed  end.  The  results 
would  naturally  be  at  variance. 

The  writer  believes  that  future  experiments  should  include  a  study 
of  that  ratio  of  gate  opening  to  pipe  cross-section  at  which  reflection 
of  partial  pressure  waves  begins.  For  openings  above  such  value,  under 
which  conditions  secondary  wave  effects  are  doubtless  produced,  some 
extension  of  the  formula  submitted  would,  no  doubt,  have  to  be  made, 
and  these  results  would  perhaps  explain  the  high  values  advanced  by 
Messrs.  Gibson  and  Johnson,  which  they  claim  to  be  corroborated 
by  low-head  practice. 

In  conclusion,  the  writer  is  sorry  that  Mr.  Johnson  feels  that  the 
formula  advanced  "has  no  place  in  engineering  literature,"  and  believes 
that  decision  to  be  somewhat  hasty.  He  trusts  that  future  experiments 
will  prove  conclusively  its  usefulness. 
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Synopsis. 
The  object  of  this  paper  is  to  call  attention  to  the  utility  of  air 
tanks  on  long  pipe  lines  and  to  some  of  their  practical  disadvantages, 
to  formulate  the  theoretical  principles  involved,  and  to  derive  simple 
formulas  which  may  be  used  as  a  guide  to  determine  their  safe 
dimensions. 

The  contents  of  this  paper  may  be  briefly  classified  as  follows: 
Formulas  for  air  tank  design; 
Derivation  of  formulas; 

Practical  questions  of  design  and  operation;  and 
Numerical  examples. 

Conclusions. — Although  there  is  a  general  idea  that  air  tanks  are 
not  successful  for  regulating  purposes  on  pipe  lines,  and  that  their 
design  is  a  matter  of  great  uncertainty,  it  can  be  shown  that,  if 
properly  built,  they  are  of  great  practical  value  in  improving  regula- 
tion and  preventing  water-hammer,  and  their  design  is  simple  and 
based  on  fundamental  laws. 


The  literature  on  the  design  of  air  tanks  on  pipe  lines  for  water- 
wlieel  regulation  is  very  limited.  This  is,  perhaps,  due  to  two  causes: 
first,  because  of  a  general  belief  that  the  problem  is  so  complex  as 
to  need  a  difficult  mathematical  solution  by  calculus;  second,  because 
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of  a  popular  idea  that,  in  order  to  be  effective,  the  air  tank  must  be 
so  large  as  to  be  prohibitive  in  cost.  Neither  of  these,  however,  is  true. 
The  design  of  such  a  tank  is  simple,  and  comparatively  small  tanks 
are  in  commercial  operation  on  pipe  lines,  and  have  greatly  improved 
the  regulation  and  reduced  the  trouble  from  water-hammer. 

For  the  sake  of  convenience  the  formulas  are  given  first,  the 
assumptions  used  in  their  derivation  are  then  listed,  and  finally  they 
are  derived  from  Newton's  second  law  of  motion  and  the  physical 
laws  governing  the  expansion  and  compression  of  air. 


F|^  Velocity  in  pipe  before  load  change 
F.>=  Velocity  in  pipe  after  load  change. 


Fig.  1. 

More  complicated  formulas  are  appended  which  are  derived  by 
calculus  with  fewer  assumptions. 

Nomenclature. — The  following  gives  the  meaning  of  every  term 
used  in  deriving  the  formulas.    All  units  are  in  feet,  pounds,  or  seconds. 

.4  =  cross-sectional  area  of  air  tank,  in  square  feet; 
fir=  acceleration  of  gravity  =  32.2  ft.  per  sec.  per  sec; 
La 


0\ 


2/    ' 


K^  =  Head  lost  between  air  tank  and  pipe  line,  in  feet,  when 
a  {V^  —  F„)  cu.  ft.  per  sec.  are  flowing  into  tank; 
L  =  length  of  pipe,  in  feet,  between  open  reservoir  or  fore-bay 

and  air  tank; 
I  =  length  of  air  column  in  tank  before  load  change,  in  feet ; 
a  =  cross-sectional  area  of  pipe,  in  square  feet ; 
Pj  =  air    pressure    in    air    tank    before    load    change,    including 
atmospheric  pressure,  measured  in  feet  of  Vv'ater; 
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P2  =  maximum  or  minimum  air  pressure  in  air  tank  due  to  load 

change,    including    atmospheric    pressure,    measured    in 

feet  of  water; 

/  =  time  for  pressure  in  air  tank  to  change  from  p^  to  p^,  in 

seconds ; 

Fj  =  velocity  of  water  in  pipe  before  load  change,   in  feet  per 

second; 
V^  =  velocity   of  water   in   pipe   after  load  change,   in   feet  per 
second ; 
v^  velocity  of  water  in  pipe  at  any  time,  in  feet  per  second; 
W  =  weight  of  1  cu.  ft.  of  water  =  62.4  lb. ; 
Y  =  maximum  rise  or  fall  of  water  in  air  tank,  in  feet,  measured 

from  water  level  before  load  was  changed ; 
y  =  rise  or  fall  of  water  in  air  tank  at  any  time. 

Formulas. — The  following  formulas  are  sufficiently  accurate  for 
most  practical  cases.  The  true  values  of  Y  and  p^  will  lie  between 
the  values  obtained  for  isothermal*  and  for  adiabatic*  compression 
or  expansion,  but  will  be  nearer  the  latter  values. 

Assuming  isothermal  compression  or  expansion: 

^=\l^^''  +  T-4 (^> 

where  K  =  -^^  (F,  —  V.f 


P.=  r^ (B) 


Pii 
1=^  Y 
Assuming  adiabatic  compression  or  expansion : 


TT  71-41 


for  loads  thrown  off,  and 


(H-Fy«  =  -^^ (c,) 


for  loads  thrown  on. 

y.  =  ^'.(,^-r)     <^' 

*  Isothermal  compression  or  expansion  assumes  that  the  temperature  of  the  air 
in  the  tank  remains  constant.  All  the  heat  generated  in  compressing  the  air,  there- 
fore, must  escape  instantly  through  the  walls  of  the  tank  and  into  the  water. 

Adiabatic  compression  or  expansion  assumes  that  no  heat  passes  through  the 
tank  walls  or  between  the  air  and  water. 
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Where  plus  and  minus  signs  appear,  the  minus  sign  applies  to  loads 
thrown  off,  the  plus  sign  to  loads  thrown  on. 

Assumptions. — These  formulas  are  derived  by  using  the  following 
assumptions,  and,  before  using  them  on  any  specific  case,  these  assump- 
tions should  be  examined  in  order  to  make  sure  that  they  apply  to  the 
case  in  question. 

1. — Pressure  in  tank  rises  or  falls  at  a  constant  rate;* 

2. — Water  level  in  tank  rises  or  falls  at  a  constant  rate;* 

3. — Water    pressure    due    to    change    of   water   level    in    tank    is 

neglected.* 
4. — 'No  loss  of  head  between  tank  and  pipe  line; 
5. — Time  necessary  to  open  or  close  wheel  gates  is  neglected; 
6. — Friction  in  pipe  line  is  neglected. 
7. — Time  necessary  for  a  pressure  wave  to  travel  the  length  of 

the  pipe  is  neglected. 
8. — Governor  action  is  neglected. 

The  errors  introduced  by  the  use  of  these  assumptions  offset  each 
other  to  a  large  extent,  as  some  of  them  will  lead  to  values  of  p, 
which  are  too  large,  and  others  to  values  which  are  too  small.  It 
should  be  noted,  however,  that  if  the  loss  of  head  between  the  tank 
and  pipe  line  is  comparatively  large,  the  pressure  may  rise  higher 
in  the  pipe  line  and  wheel  than  in  the  tank. 

In  general,  the  error  caused  by  Assumption  6  is  negligible,  as  the 
rise  in  air  pressure  is  large  in  comparison  with  the  difference  in 
friction  head  at  any  two  loads.  In  order  to  be  absolutely  safe,  this 
friction  head  may  be  added  to  the  value  of  p,  obtained  from  the 
formulas  for  loads  thrown  off,  but  this  will  give  results  which  are 
too  large.    The  reverse  is  true  for  loads  thrown  on. 

Assumption  7  is  reasonable,  as  the  time  for  a  rise  of  pressure  to 
be  transmitted  along  the  pipe  line  is  usually  small  in  comparison 
with  the  time  of  oscillation  in  the  air  tank. 

The  effect  of  governor  action  (Assumption  8)  is  discussed  later. 

From  numerical  computations  it  appears  that  Assumptions  1,  2, 
and  3,  taken  together,  lead  to  values  of  p,  which  are  too  small. 

•Formulas  (P)  and  (Q),  derived  by  calculus,  are  appended;  they  are  deduced 
without  the  use  of  Assumptions  1,  2,  and  3.  There  may  be  used  for  the  final  design 
of  a  tank. 
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Derivation   of   Formulas. — To    avoid   confusion,    the   formulas    for 
load  thrown  off  (air  compressed)  are  first  derived. 
Using  the  fundamental  law, 

Mass  X  Acceleration  =  Force, 
and  multiplying  through  by  time,  we  get 

Mass  X  Change  in  Velocity  =  Force  X  Time (£■) 

.       .     WaL        ^^^,  ,      ^    . 

The  mass    of   the  water  in  the  pipe  is .      When   a   load    is 

U 

thrown  off,  the  velocity  is  cut  down  from  V^  to   V^,  and  the  change 
of  velocity,  therefore,  is  (V^  —  Fj)- 

The  force  tending  to  slow  down  the  water  in  the  pipe  is  due  to 
the  difference  in  head  at  the  two  ends,  or  rise  of  pressure  at  the  lower 
end.  Assuming  no  head  lost  between  the  air  tank  and  pipe  line  ( Assumji- 
tion  4),  and  neglecting  the  pressure  due  to  the  rise  of  water  in  the 
tank  (Assumption  3),  this  difference  in  head  is  equal  to  the  rise  of 
air  pressure  in  the  tank,  which  varies  from  zero  at  the  beginning  to 
(P2  —  Pi)  ^^  the  end.  Assuming  the  rise  to  be  at  a  constant  rate 
(Assumption   1),  the   average  force  tending    (during  the  time,   0    to 

slow  down  the  water  will  be  TT  a  -^— — ^  ,  in  pounds. 

As  a  matter  of  fact,  the  average  force  is  less  than  this,  as  it  rises 
faster  at  the  end  than  at  the  beginning. 

Using  Formula  (E),  and  inserting  the  foregoing  values,  we  get 

'^-^X(r,-r,)  =  wa'^^^x, (G) 


J       --^     ■  -  -       2 

The  time,  t,  ig  unknown.  Neglecting  the  short  time  necessary  for 
the  governor  to  move  the  gates  and  decrease  the  quantity  of  water 
supplied  to  the  wheel  (Assumption  5),  the  net  quantity  of  water 
coming  into  the  tank  when  the  load  is  first  thrown  off  will  be  the 
volume  flowing  in  from  the  pipe  line  (a  V^)  less  the  volume  flowing 
out  to  the  wheel   (a   V.,).     Therefore  the  water  will   start  to  rise  in 

the  tank  at  a  velocity  of ——  (Fj  —   Fj),   in  feet  per  second,  and  this 

will  decrease  to  zero  in  the  time,  t.    Assuming  this  decrease  to  be  at 
a  constant  rate  (Assumption  2),  the  average  velocity  will  be  half  of 

this,  or  — — -  (F,  —  Fj).     As  a  matter  of  fact,  the  average  velocity  is 

2  ji 
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greater  than  this,  for  the  velocity  decreases  at  a  slower  rate  at  the 
end  of  the  time  than  at  the  beginning. 

If     the    water    rises    in     the     tank    at     an     average     velocity     of 

a  2  A.  Y 

r-—  (Fj  —  V.-,),  in  feet  per  second,  it  will  take  — — — —  seconds  to 

rise  a  distance,  Y.     Therefore, 

2  AY 
t  = -— (H*) 

«  (^1  -  V2) 
Inserting  this  value  of  t  in  FormvJa  (G),  we  get 


!i        '       "  2      a  (F,  -  r,y 

Simplifying, 

(P2-Px)Y=^(V,-V.^-' (/) 

From  this,  Formulas  (A)  or  (C)  can  be  deduced  by  using  the  laws 
of  thermodynamics  which  apply  to  the  compression  or  expansion  of 
gases.  In  order  to  get  the  relation  between  the  two  unknown  quantities, 
P2  and  Y,  it  is  necessary  to  know  the  variation  in  temperature  in  the 
air  tank. 

If  the  compression  took  place  very  slowly,  and  all  the  heat  gener- 
ated had  time  to  escape  into  the  water  and  through  the  walls  of  the 
tank,  the  isothermal  relation  would  hold,  and 

P2  original  volume  of  air  in  tank  A  I 

2>i        volume  of  air  in  tank  after  compression        (I —  Y)  A 

or 

Pi  ^  ^ 

''  =  rrr (-8) 

If  the  compression  took  place  very  quickly,  and  all  the  heat  of 
compression  were  retained,  the  adiabatic  relation  would  hold,  and 

j;=(t^)    <^> 

As  a  matter  of  fact,  the  true  condition  will  be  somewhere  between 
the  two.  With  full  load  thrown  off,  the  isothermal  assumption  will 
give  results  which  are  much  too  small,  and  in  general  the  adiabatic 
assumption  is  much  nearer  the  truth. 

*  This  formula,  by  itself,  will  give  a  value  of  t  which  is  too  large.     See  Formula 
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For  instance,  in  one  actual  case,  for  full  load  thrown  off,  the  com- 
pression would  take  less  than  5  sec,  and,  assuming  adiabatic  com- 
pression, the  temperature  would  rise  more  than  100°  Fahr.  It  is 
apparent  that  in  this  short  time  not  much  of  the  heat  would  escape, 
and  the  isothermal  assumption,  therefore,  gives  results  about  14% 
too  small. 

Although  formulas  for  isothermal  compression  give  values  of  p^ 
(maximum  pressure)  which  are  too  small,  they  give  larger  values  of 
Y  (rise  of  water  in  the  tank)  than  formulas  for  adiabatic  compression. 

Isothermal  Compression. — Assuming,  first,  isothermal  compression : 
Combining  Formulas  (7)  and  (B), 

'        ■  --f^ (^) 


(31) 


=  Pi 

(,' 

y' 

-0 

let 

K  = 

L 

"     (V 

1 

v,Y 

9^ 

Ih^' 

an( 

insert 

in  Formula  (J). 

K  - 

Y' 

~  I  — 

r 

Kl- 

-K  Y 

= 

Y' 

soh 

dug 

Y  = 

\ 

KI  + 

T 

K 

~    2 

(A) 


Adiabatic  Compression. — Assuming,  second,  adiabatic  compression; 
Combining  Formulas  (I)  and  (D), 

L  a  ,,^       ,,  ,„  r  /      ^ 

9- 
Inserting  K,  as  before. 


=  c(.-^-)  ■■"->)- 


o-''y-''-jrri^ ^^^ 

This  must  be  solved  by  trial  and  error.  As  a  first  trial,  a  value 
of  Y  slightly  smaller  than  that  obtained  from  Formula  (A)  may 
be  used. 
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Load  Thrown  On. — In  the  case  of  a  load  thrown  on,  exactly  the 
same  reasoning  applies,  and  Y,  being  measured  down  instead  of  up, 
will  be  a  negative  quantity.  When  the  numerical  value  is  inserted, 
the  signs,  therefore,  must  be  changed  as  indicated. 

Full  Load  Changes. — When  full  load  is  thrown  off,  the  same  for- 
mulas apply,  and,  as  V^  equals  zero,  Formula  (I)  becomes 

^^       La  ¥,"■ 

This  can  be  checked  easily  by  applying  the  theorem  of  work  and 
energy,  using  the  assumptions  previously  listed.  All  the  water  is 
stopped,  and  all  the  energy  of  the  moving  water  is  expended  in  com- 
pressing the  air  in  the  air  tank. 

Work  of  compressing  air  in  tank  =  Energy  of  water  in  pipe  line. 

rx^^<'';-"->=>Ft,/-.xS. 

2  2g 


Simplifying, 


(P,-P,)Y-  1 


g  A 

Similarly,  for  full  load  thrown  on,  V^  becomes  zero. 

Practical  Questions  of  Design,  Surges,  Etc. — In  actual  practice 
it  has  sometimes  happened  that  an  air  tank  made  the  regulation  and 
surges  in  the  pipe  line  worse  instead  of  better.  This  has  been  due 
to  surges  which  were  set  up  and  either  aggravated  by  governor  action 
or  continued  naturally  for  a  considerable  time  before  being  damped 
out  by  friction. 

These  surges  can  be  broken  up  by  using  some  sort  of  a  differential 
device  which  restricts  the  entrance  to  the  tank,  or  a  valve  which 
causes  the  water  to  flow  into  the  tank  at  a  different  rate  from  that 
at  which  it  flows  out. 

Mr.  E,.  D.  Johnson  has  invented  and  patented  a  device  which  not 
only  eliminates  surges,  but  cuts  down  the  size  of  the  tank  required. 

In  one  hydro-electric  development  where  trouble  was  caused  by 
surges,  a  flap-valve  surrounded  by  orifices  was  placed  in  the  entrance 
to  the  air  tank.  When  load  was  thrown  on,  the  flap  opened  and 
allowed  the  water  to  flow  out  freely.  When  the  water  started  to  flow 
back  into  the  tank,  the  flap  closed  and  the  water  was  forced  through 
the  orifices,  with  a  consequent  loss  of  head.  This  broke  up  the 
surges,  and  there  was  no  more  trouble. 
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In  one  case,  under  normal  operating  conditions,  an  air  tank  of 
moderate  dimensions  placed  near  the  power-house  decreased  the  sud- 
den variations  of  pressure  due  to  changing  load  by  about  two-thirds. 

In  order  to  keep  the  tank  full  of  air,  it  is  necessary  to  replenish 
the  supply  from  time  to  time  from  a  compressor  or  other  source,  as 
a  certain  quantity  is  apt  to  be  absorbed  by  the  water  or  leak  through 
the  tank.  If  the  air  should  entirely  leak  out,  the  tank  would  not 
only  become  useless  for  regulating  purposes,  but  might  fail  on  account 
of  dangerous  pressures  due  to  water-hammer. 

The  larger  the  volume  of  air  in  the  tank,  the  more  efficient  will 
it  be  for  regulating  purposes.  Care  must  be  taken,  however,  not  to 
fill  the  tank  so  full  of  air  that  when  a  sudden  load  is  thrown  on,  all 
the  water  in  the  tank  will  be  exhausted  and  the  wheel  will  suck  air. 
Automatic  safety  devices  may  be  put  on  to  prevent  this,  and  gauges 
on  the  side  of  the  tank  will  indicate  the  water  level.  It  is  conceivable 
that  in  some  cases  air  might  be  given  out  by  the  water  and  fill  the 
tank  too  full.  The  writer  knows  of  no  such  case,  however,  although 
the  reverse  is  common. 

In  most  air  tanks  the  compression  due  to  load  changes  will  take 
place  in  so  short  a  time  that  little  of  the  heat  will  have  time  to  flow 
through  the  walls  of  the  tank  or  into  the  water,  and  for  this  reason 
the  formulas  for  adiabatic  compression  will  give  results  nearer  the 
truth.     In  any  case,  they  are  more  conservative  to  use. 

Other  Formulas. — In  order  to  get  formulas  without  the  use  of 
Assumptions  1,  2,  and  3,  it  is  necessary  to  use  the  calculus.  The  other 
assumptions  (4,  5,  6,  7,  and  8)  are  used. 

The  net  quantity  of  water  flowing  into  the  tank  is  equal  to  that 
flowing  in  minus  that  flowing  out;  therefore, 

d  t  ^  -' 

Mass  X  Acceleration  =  Force 

therefore  (for  load  thrown  off), 

W  aL       d  V 

X  -^—  =  —  (p  —  i?!  +  y)  W  a. 

g  d  t 

Using  these  two  formulas  in  conjunction  with  Formulas  (B)  and  (D) 

(the   isothermal    and    adiabatic    relation),    we   can   get   a    differential 

d  y 
equation  for  —  in  terms  of  y  and  d  y  which  can  be  integrated  by  using 
d  t 
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the  fact  that  when  y  =0,  —  =  —  (Fj  —  F,);    and    when    y   =    Y, 

^   =  0. 
d  t 

By  this  integration  we  get  the  following: 

Isothermal. 
For  load  off : 

Y^-2p,(l\og.,(l-j^  +  Y)=p,K (P) 


For  load  on; 


Y'-2p,0\og.^  (l+^^-Y)  =  p,K (P,) 


Adiahatic. 


For  load  off: 

I 


Y2 
For  load  on 


-'"'[^i-„.,u,.-y.o.»  +  '-]-"'^'- (« 


OAl(l—Y) 


F2_2«,    — y\  =p,  k (g,) 

^■-0.41        0.41(?+Ff4i  -■  '  '^ 

A  formula   for   t,  derived  by  calculus,  using  all  the  assumptions 
except  2,  is: 

7T 


t  = 


LAY 


^^ag  (p,  —  p.)' 


(R) 


This  t  is  the  time  required  for  Y  to  reach  a  maximum.  It  is  the 
time  for  a  quarter  of  the  cycle,  and,  after  the  water  has  risen  in 
the  tank  (with  load  thrown  off),  it  will,  like  a  pendulum,  fall  to  the 
starting  point  again,  and  on  below  it  to  almost  the  same  extent; 
then  rise  again,  and  so  on  until  damped  out  by  friction.  It  is  to 
prevent  this  surge  that  valves  or  differential  devices  must  be  used. 
Formula  (R)  will  give  a  value  of  t  which  is  too  small.  The  true 
value  will  be  between  this  and  the  value  obtained  from  Formula  (J?). 

Where  it  is  desired  to  compute  the  heat  generated  or  lost  by 
adiabatic  compression  or  expansion,  the  following  formula  may  be 
used. 

"Tj  ""   \l  ^  y)       ' 
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The  minus  sign  is  for  load  off,  the  plus  sign  for  load  on. 

T^  is  the  absolute  temperature . before  start  of  rise  or  fall; 

Tg  is  the  absolute  temperature  at  maximum  point  of  rise  or  fall. 

If  the  Fahrenheit  scale  is  used,  the  absolute  temperature  may  be 
obtained  by  adding  459°  to  the  temperature  registered  on  the  ordinary 
thermometer. 

Head  Lost  in  Entering  Air  Tank. — If  the  pipe  line  rvms  into  the 
air  tank  on  one  side  and  out  on  the  other,  the  pressure  in  the  pipe 
line  will  at  all  times  be  equal  to  the  pressure  in  the  air  tank  (Assump- 
tion 4). 

When  a  load  is  suddenly  thrown  off,  the  quantity  of  water  flowing 
out  of  the  tank  will  be  suddenly  decreased,  but  the  quantity  flowing 
in  will  not  be  changed  until  the  water  has  risen  and  the  air  pressure 
consequently  increased.  This  increase  of  pressure  causes  a  difference 
of  head,  between  the  two  ends  of  the  pipe  line,  which  slows  down  the 
water.  It  increases  from  0  to  (p.,  —  p^)  and  is  greatest  at  the  time 
when  the  water  has  been  slowed  down  to  its  new  velocity. 

It  is  obvious  that  the  air  tank  would  be  more  efficient  if  the 
pressure  could  be  made  to  rise  instantly  and  act  on  the  water  at  the 
time  when  it  is  most  needed,  or  before  the  velocity  has  been  checked. 

By  causing  a  loss  of  head  between  the  air  tank  and  the  pipe  line, 
this  condition  can  be  approached.  If  the  loss  of  head  is  made  too 
great,  however,  the  pressure  may  rise  instantly  to  a  greater  value 
than  it  would  have  reached  with  the  simple  tank,  and  this  is  all  the 
more  undesirable  as  the  sudden  rise  causes  water-hanuner,  and  is 
more  difficult  for  the  governors  to  handle  than  the  gradual  rise. 

A  well-designed  orifice,  therefore,  would  cause  about  the  same  loss 
of  head  at  the  beginning  as  the  compressed  air  would  cause  at 
the  end. 

An  approximate  formula  can  be  worked  out  by  computing  the 
maximum  loss  of  head  between  the  pipe  line  and  the  air  tank  at 
the  start  of  the  rise.    This  will  be 

where  C  is  a  constant  depending  on  the  shape  and  size  of  the  entrance 
to  the  tank. 
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Calling  this  loss  of  head  K^,  and  assuming  that  the  difference  in 
head  varies  at  a  constant  rate  from  this  value  at  the  beginning  to 

{P2  —  -Pi)   ^t  the   end,  we  get  an  average  force  of    ^'         -  ~-^'  ,    in 

pounds,  tending  to  slow  down  the  water. 

Inserting  this  value  in  Formula  {G)  and  proceeding  as  before,  we 
get  for  isothermal  compression : 

(Z,  —  pj  Y^-  —  (Kp^  +  K^l)  Y  =  —  Ep^l (S) 

For  load  thrown  on,  this  becomes 

(Z, +  Px)  Y^+  (E^l-Kp,)  Y  =  Kp,  I (S,) 

Where  E^  =  0,  these  become  Formula  (A). 

A  similar  formula  can  be  worked  out  for  adiabatic  compression. 
When  the  calculus  is  used  and  Assumptions  1,  2  and  3  are  omitted,  a 
differential  equation  is  derived  which  cannot  be  integrated. 

Considering  the  many  uncertainties  of  the  problem,  the  foregoing 
formula  is  probably  sufficiently  accurate,  but  it  should  be  used  with 
the  full  realization  of  the  assumptions  made  in  its  derivation. 

Numerical  Example. — In  order  to  show  the  comparative  variation 
of  the  different  formulas,  the  following  numerical  case  has  been 
worked  out  for  full  load  thrown  off  and  on.  The  dimensions  are  taken 
from  an  actual  plant,  and  an  extreme  velocity  of  12.5  ft.  per  sec.  is 
taken  to  illustrate  more  clearly  the  differences  in  the  various  formulas. 

I  =  52  ft. ; 
L  =  2  100  ft. ; 

o  =  44.2  sq.  ft.   (pipe  7.5  ft.  in  diameter) ; 
A  ==77  sq.  ft.  (two  tanks  7  ft.  in  diameter) ; 
p,  =  470  ft. 
"Tj  =  12.5  ft.  per  sec. ; 
V„  =  0. 

Table  1  shows  the  values  obtained  from  the  various  formulas.  In 
studying  these  results,  it  should  be  noted  that  the  difference  in  the 
results  of  the  formulas  for  adiabatic  and  isothermal  compression  is 
14  per  cent.  The  difference  between  the  results  obtained  by  the  more 
approximate  Formulas  (A)  and  (C)  and  the  results  obtained  from 
Formulas  (P)  and  (Q)  is  from  3  to  6%  for  this  case. 
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TABLE  1. 


Formula. 

Y, 
in  feet. 

P2, 

m  feet. 

Percentage  of  normal 
pressure  (pi). 

Full  load  off: 
Isothermal 

(A)  and  (B) 

(P) 
(C)  and  (/)) 

(Q) 

20.0   ■ 
20.8 
16.9 
17.7 

764 
783 
818 

845 

163 
166 

174 

180 

Full  load  on  : 

(A)  and  {B) 

(Pi) 
(Ci)  and  (D) 

(Qi) 

32.5 
27.5 
27.6 
23.8 

290 
307 
258 
276 

62 

Adiabatic  

65 
55 

59 

For  load  thrown  on.  Formulas  (P^)  and  (Q^)  give  results  6%  apart 
for  the  two  relations;  and  the  more  approximate  Formulas  (A)  and 
(Cj)  give  results  differing  from  Formulas  (P^)  and  (Q^)  by  from 
3  to  4  per  cent. 

The  error  caused  by  assuming  either  the  adiabatic  or  isothermal 
relation,  therefore,  may  be  greater  than  the  error  caused  by  using  the 
simpler  Formulas  (A)  and  (C)  and  so,  taking  into  account  the  other 
assumptions,  it  would  seem  that  Formulas  (^4.)  and  (C)  are  sufficiently 
accurate  for  most  practical  cases,  although  a  final  check  may  be  made 
by  Formulas  (P)  and  (Q). 

If  a  restricted  orifice  were  inserted  between  the  pipe  line  and  air 
tank  which  caused  a  loss  of  head  of  190  ft.  with  the  full  load  flow 
(o  Fj)  entering  the  tank  the  results  would  be  as  follows: 


Full  load  off:  (Z,  =  190) 
Full  load  on:  (Z,  =  190) 


Formula 

Y 

P2 

(S) 

15.3 

667 

(S,) 

18.7 

346 

Percentage 
of  pi 

142 

74 


A  comparison  of  these  figures  with  those  given  for  the  simple 
tank  shows  that  the  use  of  an  orifice  makes  the  air  chamber  a  great 
deal  more  effective.  It  also  reduces  the  possibility  of  trouble  from 
surges. 

The  foregoing  formulas  have  not  been  published  before,  as  far  as 
the  writer  knows,  with  the  exception  of  Formula  (P)  which  was 
deduced  by  Mr.  Johnson  in  the  article  mentioned  on  the  next  page. 
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In  studying  the  effect  of  differential  devices  and  friction  in  air 
tanks  and  surge  tanks,  the  following  references  will  be  found  useful: 

"The  Surge  Tank  in  Power  Plants."  By  R.  D.  Johnson.  Trans- 
actions, Am.  Soc.  Mech.  Engrs.,  Vol.  30  (1908),  page  833. 

"The  Differential  Surge  Tank."  By  R.  D.  Johnson.  Transactions, 
Am.  Soc.  C.  E.,  Vol.  LXXVIII  (1915),  page  760. 

"Penstock  and  Surge  Tank  Problems."  By  Minton  M.  Warren. 
Transactions,  Am.  Soc.  C.  E.,  Vol.  LXXIX  (1915),  page  238. 
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DISCXJ  SSION 

Mr.  Irving  P.  Church,*  Assoc.  Am.  Soc.  C.  E.   (by  letter). — All  the 

"'^'^  ■  algebraic  relations  and  formulas  of  this  interesting  and  well-arranged 
paper  have  been  verified  by  the  vpriter.  In  the  derivation  of  Formula 
(jB),  ^however,  it  would  seem  that  a  special  assumption  is  necessary, 
which  is  not  mentioned  in  the  paper.  Without  this  assumption,  the 
writer's  analysis  leads  to  an  expression  differing  from  the  author's 
in  a  numerical  coefficient,  simply,  involving  a  discrepancy  of  about 
10  per  cent. 

As    of    some    possible    interest,    the   writer    herewith   presents    his 
analysis  in  the  case  of  Formula  (R). 

As  the  calculus  is  to  be  used,  it  will  be  necessary  to  supplement 
and  modify  the  author's  notation  somewhat,  as  follows: 

Let  t  denote  the  time  at  any  instant  from  the  beginning  of  the 

(upward)  motion  of  the  water  surface  in  the  air  tank; 
Let  T  (and  not  t)  denote  the  time  for  the  pressure  in  the  air  tank 

to  change  from  p^  to  p^ ; 
Let  p  be  the  air  pressure  (in  feet  of  water),  in  the  tank  at  any  time; 
(and  other  notation  as  required). 

The  case  of  load  thrown  off,  only,  will  be  treated;  air  compressed. 
From  Assumption  1,  we  have: 

(I  V         ^ 
— —  =  C  (a  constant) 

and,  therefore, 

P  =  P,  +  C't (1) 

As  Assumption  2  is  not  made,  we  have  the  relation, 

^  It  =  "('■- '''' <^> 

and,  from  Assumption  3  (that  is,  y  is  zero  compared  with  p), 

Wa.^  .  4^  =  -(p-p,)  Wa (3) 

(J         d  t 

Substituting  in  Equation   (3)   the  value  of  p  from  Equation  (1), 
there  is  obtained, 

—  .  d  V  =  —  O'tdt (4) 

9 
in  which  the  variables,  v  and  t,  are  separated. 

By  integrating  Equation   (4)  between  the  limits,  v  and  7^,  for  v 

L 
and  t,  and  zero  for  i,  we  find,  after  transposition  and  division  by  — , 

;=^-.-^4 •••■<^> 

which  gives  f  as  a  function  of  t  at  any  instant.    ^ 

*  Ithaca,  N.  Y. 
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Now,  insert  in  Equation   (2)   the  value  of  v  from  Equation   (5),     Mr. 
whence,  ^'^"'■<='^' 

A  .  d  y  =  a  (Fj  —  V.,)  .  dt ^/-—  .fdt (6) 

where  the  variables  y  and  t  are  separated. 

The  integration  of  Equation  (6),  with  limits  of  y  and  zero  for  y, 
and  t  and  zero  for  t,  leads  to, 

!/  =  ^(i^,-n).<-^^.t' (7) 

that  is,  2/  as  a  function  of  t. 

We  are  now  ready  to  find  a  relation  between  Y  (that  is,  maximum 
y)  and  the  corresponding  time,  T,  as  follows : 

Substituting  Y  for  y,  and  T  for  t,  in  Equation  (7),  we  have,  after 
re-arranging  the  terms, 

/  ,,         C  q  T\  a  T         (Jag  T^ 

With   F,  for  V,  and  T  for  t,  in  Equation  (5),  however,  we  find, 

C  q  T- 

y,  -  y.2  — YiT  ^  ''^''' ^^^ 

and,  consequently.  Equation  (8)  becomes, 

C  a  q  T^ 

^'  =  -YTir <i''> 

The  constant,  C",  is  now  obtained  by  substituting  p^  for  p,  and  T 
i,  in  Equal 
gives,  finally, 

that  is, 


for  i,  in  Equation  (1),  that  is,  C"  =  -^-7= — -,  which,    in   Equation   (10), 

^r   _    «  9  (P2  —  Pi)   T' 

SAL  ^     '' 


,                LAY 
T   =    Vs.    ^ (i?') 

Sag  (P2—P1) 

instead  of  the  author's  Formula  (R),  the  latter  differing  from  Formula 

(i?'),  however,  only  in  having  —  instead  of  v  3  ;  that  is  1.5708  instead 

of  1.732,  a  discrepancy  of  about  10  per  cent. 

The  writer  was  then  led  to  seek  the  derivation  of  Formula   (R) 

It 
on   other   lines,  by   noting  that   the    factor,    — -,  was  suggestive   of   a 

harmonic  motion;  and,  accordingly,  he  started  again  with  the  assump- 
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Mr.     tion*  that  the  motion  of  the  water  surface  in  the  tank  is  harmonic, 
■  the  initial  point  of  this  motion  being  the  mid-point  of  a  harmonic 
oscillation,    so    that    the   time    from   the    start    to    the   highest   point 
would  be, 

^=1%!^ 0^) 

where  C"  is  the  constant,  the  product  of  which  by  the  distance  (this 
product  being  taken  with  a  negative  sign),  gives  the  acceleration,  a', 
of  the  motion  at  any  instant,  namely, 

a'  =  —  C"  y (13) 

^2    y 

Now  a'  =  „  ,  an  expression  for  which  may  be  obtained  by  dif- 

ferentiating the  two  members  of  Equation  (2)  with  respect  to  t; 
whence, 

d^y  d  V 

A  .  -—V  =  a  .  — — (14) 

dt^  dt  ^     ^ 

d  V 
in  which,  if  the  value  of  — —  from  Equation  (3)  be  inserted,  there  results, 

«'=-^(P-Pi) (15) 

or,  for  the  highest  point, 

a  fj 
«  2  =  —  j-^  ilh—lh) (16) 

From  Equation  (13),  however,  we  also  have  for  the  highest  point, 

a\_  =  —  C"  Y (17) 

and  the  equating  of  these  two  values  gives, 

AL'  Y       ^^^ 

the  insertion  of  which  in  the  expression  for  T  in  Equation  (12)  leads 
to  the  author's  Formula  (R),  namely, 

T  =  4J^AIZ c^) 

2\!ag(p,—p,) 

It  is  to  be  noted  that  the  "harmonic"  assumption  just  used,  to 
take  the  place  of  the  author's  Assumption  1,  simply  consists  in  making 
P  —  Pi  proportional  to  the  distance,  y,  instead  of  to  the  time,  t;  that 
is,  in  assuming  the  pressure  in  the  tank  to  rise  at  a  constant  distance- 
rate,  instead  of  at  a  constant  time-rate.  This  is  indicated  by  the 
*  This  takes  the  place  of  Assumption  1. 
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fact  that,  from  Equation  (15),  p  —  Pi  is  proportional  to  the  accelera-     Mr. 
tion,  a' ,  of  the  motion  of  the  surface  of  the  water  in  the  tank,  and  that, 
by  Equation   (13),  this  acceleration  is  assumed  to  be  proportional  to 
the  distance,  y  (and  of  contrary  sign),  which  is  a  characteristic  prop- 
erty of  harmonic  motion. 

R.  D.  Johnson,*  Esq.  (by  letter). — Mr.  Warren  has  touched  on  Mr. 
the  fact  that  such  formulas  for  the  simple  air  tank  as  those  proposed 
by  him  have  only  a  limited  practical  application,  because  they  furnish 
no  index  of  the  nature  of  the  surge  wave,  as  to  whether  or  not  it 
will  die  out  of  its  own  accord  after  its  inception.  This  is  a  general 
fault  with  formulas  which  neglect  governor  action. 

Where  diiferential  action  is  omitted,  there  is  much  likelihood  of 
falling  into  the  error  of  designing  the  tank  too  small,  and  inflicting  on 
the  power  plant  a  pressure  accumulator  instead  of  providing  it  with 
a  regulator,  and  thus  causing  far  more  trouble  than  that  which  is 
intended  to  be  cured. 

Therefore,  the  writer  has  thought  it  desirable  to  supplement  his 
equations  with  the  following  analysis,  which  serves  to  fcx  a  minimum 
limit  to  the  size  of  the  simple  air  tank,  independent  of  any  formula 
which  purports  to  give  the  value  of  the  first  dip  of  the  pressure  wave, 
following  a  load  change. 

If  a  surge  wave  is  an  increasing  one,  no  perceptible  initial  load 
change  is  required  to  quicken  it  into  life,  because  the  system  is  already 
in  a  state  of  unstable  equilibrium.  Therefore,  if,  by  studying  the 
effect  of  very  small  load  changes,  an  accurate  solution  of  the  critical 
size  of  a  tank  can  be  obtained,  there  is  perfect  assurance  that,  if  the 
wave  once  begins  to  augment,  it  will  continue  to  do  so  indefinitely. 

On  the  other  hand,  if  the  study  of  the  infinitesimals  shows  a  ten- 
dency of  the  wave  to  die  out,  it  seems  reasonable  that  all  appreciable 
surges  would  show  the  same  thing. 

It  is  necessary  to  regard  only  very  small  load  changes  in  applying 
this  theory,  because,  in  that  case,  certain  quantities  are  negligible 
which  otherwise  would  complicate  the  mathematics  beyond  the  pos- 
sibility of  manipulation. 

In  the  following,  let  Z  be  the  total  dip  of  the  pressure  wave,  at  the 
end  of  the  first  quarter  cycle,  from  its  initial  quiescent  level,  or,  in 
Mr.  Warren's  nomenclature,  Z  =  F  +  Pi  —  Po'  ^^^  ^^^  ^  be  the  vari- 
able, Z. 

The  following  well-known  fundamental  equations  hold  good  when 
governor  action  and  friction  are  neglected,  and  Y ^  is  regarded  as 
a  constant  draft  velocity  of  the  water-wheel. 

V  fir  /       '^         -,    -,           (  r,  —  v)  a  fZ  « 
(I  t  =  — ^ ,  and  dy  =  ^-^ ~ . 

*  New  York  City. 
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Mr.  Also,  when  Y  is  small  compared  to  I,  we  may  write, 

Johnson. 

Eliminating  dt,  we  have, 

Jo  All,       Jr,        ' 

From  which, 

^  =  J^W^^'-'"'' ''' 

This  expression  holds  good  only  for  a  small  value  of  Z  when  V^ 
is  very  little  larger  than  V^,  the  difference  being  called  ^v. 

The  wave  described  by  this  formula  would  live  everlastingly  at 
its  initial  amplitude,  that  is,  when  not  influenced  either  by  the  damping 
action  of  friction  or  the  accelerating  effect  of  governor  action,  and  all 
dimensions  of  air  tanks  would  fulfill  the  so-called  critical  condition, 
of  a  uniform,  everlasting  wave. 

It  follows,  logically,  that  if  the  damping  action  of  friction  is  just 
equal,  in  its  effect,  to  the  augmenting  action  of  the  governor,  then  the 
wave  continues  in  the  same  condition  as  though  neither  influence 
was  present.* 

Therefore,  if  these  two  opposing  factors  are  equated,  the  critical 
dimensions  of  the  air  tank  become  apparent. 

The  increment  to  /iv  caused  by  the  effort  of  the  governor  to  main- 

Z  F, 

tain  constant  power  as  the  pressure  drops,  is,  naturally, =•,  where  h  is 

11  — Zi 

the  net  head  corresponding  to  p^ ;  or,  as  Z  is  here  considered  insignifi- 
cant as  compared  to  /;,  the  increment  to  Jy  may  be  written 

^ ^^) 

The  corresponding  increment  to  Z  or  Az  may  be  found,  by  reference 
to  Equation  (1),  to  be, 

^,  =   IZIgI±i)  X  A!i (3) 

^       A  I  g  h 

Now,  the  opposing  change  in  friction  head,  due  to  /^v,  may  be 
obtained  from  the  differential  expression,  c  ((Fj  +  ^v)'  —  l^a")' 
which  becomes  (neglecting  Av-  as  an  infinitesimal  of  the  second  order) 

///  =.  2  c  V^/lv (4) 

*  See  "The  Surge-Tank  in  Water-Power  Plants",  Transactions,  Am.   Soc.   Mech. 
Bngrs.,  1908,  p.  840. 
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Or,  substituting  the  value  of  /Iv  from  Equation  (1),  Mr. 

Johnson. 

^  f  ^2c  J\  Z  J     ,^  ^^    ,  (5) 

Xow,  when  Jz  =  Af,  the  condition  of  instability  sought  is  realized. 
Equating  their  values,  as  derived  in  Equations   (3)   and   (5),  we 
have,  for  the  dimensions  of  the  critical  size  of  a  simple  air  tank, 

A  I  a  L 

:    =   ,- ((i)* 

If  J.  or  Z  is  smaller,  or  p^  larger,  than  in  the  combination  which 
equals  this  expression,  then  the  design  becomes,  theoretically,  an 
impossible  one,  and  practically,  also,  xmless  some  existing  condition, 
such  as  partial  differential  action,  a  sluggish  governor,  or  additional 
friction  of  some  sort,  has  been  overlooked. 

Equation  (6)  involves  the  idea  of  constant  efficiency  of  water-wheel, 
or  a  horizontal  line  expressing  the  relation  between  power  output  and 
efficiency,  and  therefore  holds  good  only  at  the  crest  point  of  the 
efficiency  curve  through  an  infinitesimal  range  of  surging. 

If  the  water-wheel  is  operating  on  the  drooping  side  of  the  efficiency 

curve,  the  tank  dimensions  need  to  be  still  more  ample  to  reach  the 

critical  value. 

/               A  E\ 
If  the  negative  tanfjent  of  the  efHciency-power  curve  (  that  is. i  , 

where  E  is  the  efficiency  and  P  is  the  power,  be  called  tan.   a,  the 
correct  expression  involving  this  new  idea  is, 

o 

a   L   {E    +  -^    P  tan.    a) 
A.  I  2 


p^+l  '2(jchE  ^ '  ^ 

A  numerical  substitution  in  Equation  (6)  indicates  that  Mr. 
Warren's  chosen  example  falls  far  below  the  critical  size,  and,  in 
such  cases,  as  he  has  elsewhere  intimated,  his  value  of  p.,  cannot  be 
said  to  constitute  even  an  approximation  to  the  true  magnitude  of  the 
maximum  or  minimum  air  pressure. 

It  must  not  be  understood  that  Equation  (7)  provides  a  sufficiently 
large  tank  for  practical  purposes,  because  it  distinctly  does  not. 

An  everlasting  wave  is  a  constant  invitation  to  trouble,  due  to  partial 
synchronous  conditions  between  the  period  of  load-changes  and  that 
of  the  pressure  wave,  and,  ordinarily,  a  commercially  practicable 
simple  air  tank  would  need  to  be  much  larger  than  indicated  by 
Equation  (Y). 

It  follows,  therefore,  that  even  correct  equations,  impossible  to 
derive,  relating  to  the  first  quarter  cycle  of  the  wave  in  a  simple  air 

•  When    I    becomes    Infinite,    this    equation    is    seen    to    agree    with    the    Thoma 
formula  for  the  open  simple  tank. 
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Mr.       tank  which  is  unmodified  by  adequate  choking  devices,  would  be  of 
inson.  ^^^y   doubtful   practical   value,   because   the   cost   of   a   commercially 
operative  simple  air  tank  is  usually  found,  from  Equation  (7),  to  be 
prohibitive. 
Mr.  p.  Wahlman,*  M.  Am.  Soc.  C.  E.  (by  letter). — For  several  years 

the  writer  has  been  interested  in  surge-tank  regulation,  but,  so  far, 
has  not  found  any  reliable  formulas  for  the  simple  tank  (that  is, 
without  the  differential  arrangement),  whether  open  or  closed  as  an 
air  tank.  Consequently,  he  has  taken  interest  in  testing  the  prac- 
tical value  of  Mr.  Warren's  new  formulas  with  the  help  of  the  tedious 
but  accurate  process  of  arithmetic  integration. 

For  this  test  the  author's  own  tank  (page  261)  has  been  selected, 
and,  in  the  arithmetical  work,  the  friction  as  well  as  the  governor  action 
has  been  considered,  as  neither  can  be  neglected  in  practice.  As  the 
friction  and  entry  loss  in  the  2  100-ft.  conduit  are  not  given,  it  has 
been  necessary  to  assume  a  value  of  that  combined  loss,  such  as 
F  =  0.07  y^.  The  static  head  at  the  wheels  has  been  assumed  to  be 
459  ft. 

Fig.  2  shows  graphically  the  result  of  a  complete  shut-down  from 
full  load,  or  from  V  =  12.5.  In  this  ease,  the  governor  has  no  influence, 
of  course,  and  only  the  friction  makes  this  practical  case  different 
from  the  author's  first  case.  The  correct  result  is  y  =  20.64  and  p.,  = 
779,  as  compared  with  the  author's  20.0  and  764,  or  20.8  and  783  for 
isothermal  expansion ;  and,  consequently,  it  may  be  assumed  that  Equa- 
tions {A)  and  (5)  are  practically  correct  for  this  particular  case. 

When  the  load  is  thrown  on,  the  governor  action  is  added  and 
cannot  be  disregarded.  The  result  of  full  load  thrown  on  is  shown 
graphically  in  Fig.  3,  and  a  glance  at  these  curves  shows  that,  due 
to  the  governor,  the  drop  in  head  and  the  simultaneous  increase  in 
draft  velocity,  V^,  is  so  rapid,  that  the  conduit  velocity,  Yf.,  cannot 
be  accelerated  fast  enough  to  catch  up  with  the  draft  velocity,  which 
means  that  the  full  load  cannot  be  maintained,  even  if  the  wheels  were 
large  enough  to  take  the  steadily  increasing  flow  and  their  efficiency 
was  constant.  It  is  evident,  therefore,  that,  for  full  load  thrown  on, 
the  author's  formulas  are  impractical. 

Fig,  4  demonstrates  the  conditions  when  half  load  is  thrown  on 
suddenly.  When  the  conduit  velocity  has  first  caught  up  with  the 
draft  velocity,  Y  is  only  16.87,  and  p^  =  354,  and  if  the  arithmetic 
integration  was  stopped  at  this  point,  one  might  be  inclined  to  believe 
that  the  tank  in  question  was  sufficiently  large  for  half  load  thrown 
on;  but,  if  the  curves  are  worked  out  farther,  their  amplitude  is 
found  to  increase  for  each  surge,  and  will  finally  go  beyond  possible 
limits;  that  is  to  say,  the  tank  or  conduit  will  either  burst  or  the 
tank  will  be  emptied. 

*  New  York  City. 
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Fig.  5  finally  shows  that  even  as  small  a  sudden  load  change  as  Mr. 
10%  of  full  load  will  cause  surges  which  will  grow  indefinitely.  Con- 
sequently, it  is  evident  that  an  air  regulator  of  the  dimensions  indicated 
in  the  author's  example  is  not  only  entirely  inadequate  for  any  sudden 
load  changes,  but  even  spoils  regulation  altogether,  and  that  the  for- 
mulas which  the  author  has  presented  cannot  be  relied  on  for  practical 
work. 

Only  isothermal  expansion  has  been  considered  in  the  arithmetical 
work,  as  it  is  evident  that  the  use  of  adiabatic  expansion  would  have 
about  the  same  effect  as  a  smaller  tank  and  constant  temperature. 

If  this  regulator  is  in  practical  use  at  a  plant  and  does  not  give 
trouble,  it  must  be  due  to  the  presence  of  sufficient  fly-wheel  effect 
and  a  slow  governor,  which  prevents  any  sudden  load  changes.  The 
curves  shown  prove,  however,  the  impracticability  of  the  author's 
formulas,  principally  because  of  their  disregard  of  the  governor  action. 

The  author  states:  "If  a  restricted  orifice  were  inserted  between 
the  pipe  line  and  air  tank  which  caused  a  loss  of  head  of  190  ft. 
with  the  full  load  flow  (aV^)  entering  the  tank",  the  result  would  be 
for  full  load  on :  Y  =  18.7  and  p^  =  346. 

If  the  head  were  allowed  to  drop  instantly  190  ft.,  the  normal  full- 
load  draft  velocity  would  have  to  be  increased  simultaneously  in  the 

459 

proportion,  -— — — ,  in  order   to  maintain    the  full   load;   but,  if   a 

459  —  190 

velocity  of  F  =  12.2   (full-load  velocity  corresponding  to  459  ft.  net 

head)   requires  a  pressure  head  of  190  ft.   at  the  restricted  opening, 

then  the  actually  demanded  draft  velocity  of  20.8  would  correspond 

/20.8\  2 
to  an  actual  pressure  drop  of  (  — — -  j     X  190  =  552  ft.,  which  is  more 

than  the  total  available  head.  Consequently,  a  restricted  orifice  of 
the  size  indicated  by  the  author  would  not  permit  full  load  to  be  thrown 
on  instantaneously,  which  again  shows  how  important  it  is  to  consider 
the  governor  action. 

Should  it  be  practical,  however,  to  allow  a  K^  =  190,  the  port 
opening  ought  to  be  dimensioned  so  as  to  pass  a  flow  corresponding 
to  a  draft  velocity  of  20.8.  Such  a  case,  however,  has  not  been  worked 
out  by  the  writer,  as  the  velocities,  as  well  as  the  drop  in  head,  are 
too  great  to  be  practical. 

That  the  restricted  tank  opening  or  differential  feature  is  a  decided 
improvement  on  the  simple  tank,  however,  the  writer  has  had  occasion 
to  ascertain,  while  working  out  several  surge-tank  problems,  and  this 
applies  most  forcibly  in  the  case  of  the  air  tank. 

A  good  example  of  a  well  designed  air  regulator  appears  in  the 
Annual  Eeport  of  New  York  State  "Water  Supply  Commission  for  1909, 
on  page  326. 
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Mr.  L.  E.  JoRGKNSEN,*  M.  Am.   Soc.  C.  E.   (by  letter).— This  subject 

Jorgenseu.     j-      ■      .       ^  .,..  -ti  . 

01  air  tanks  on  pipe  Imes  is  entitled  to  receive  greater  attention  m 

the  future  than  it  apparently  has  in  the  past.     There  seems  to  be  no 

reason  why  such  installations  should  not  be  of  advantage,  especially 

where  turbines  are  the  prime  movers  in  the  power-house.    Undoubtedly, 

there  is  a  field  for  air  tanks  on  modern  pipe  lines,  as  they  act  as  safety 

valves  in  addition  to  whatever  relief  device  may  be  provided  for  the 

turbines.    Mr.  Warren's  paper  is  of  much  value  to  hydraulic  engineers. 

On  high-head  plants  where  impulse  wheels  are  used,  the  proposition 

is  somewhat  different,  especially  if  the  needle  regulating  the  size  of 

the  jet  is  hand-operated  and  the  governing  is  effected  by  deflecting 

the  jet  away  from,  or  into,  the  wheel  buckets.     On  such  a  pipe  line, 

there  would  be  less  need  for  air  tanks,  as  the  changes  in  the  velocity 

of  the  water  in  the  pipe  line  are  under  hand  control. 

The  writer  was  once  connected  with  a  high-head  hydro-electric  plant 
in  Southern  California  where  the  static  head  was  more  than  1  900  ft. 
There  were  several  air  tanks  along  the  pipe  line,  each  tank  connected 
to  the  line  by  a  short  piece  of  pipe  and  provided  with  a  valve.  Soon 
after  being  put  into  use,  these  tanks  filled  up  with  water  completely, 
as  no  compressor  arrangement  had  been  provided  to  furnish  the  neces- 
sary air  to  compensate  for  air  absorption  and  air  leakage  from  the 
tanks.  As  it  was  also  found,  however,  that  the  pipe  line  operated  satis- 
factorily without  the  air  tanks,  no  compressor  was  put  in.  Since  then 
some  of  the  air  tanks  have  been  removed  and  others  have  been  simply 
disconnected.  This  plant  is  regulated  by  deflecting  needle  nozzles,  the 
needles  being  operated  by  hand  whenever  great  changes  of  load  take 
place.  Had  the  governor  operated  the  needle  direct — in  connection 
with  an  auxiliary  needle  for  relief — it  is  very  probable  that  the  air 
tanks  would  have  been  advantageous  in  regulating  the  pressure  in 
the  long  pipe  line.  The  erection  of  a  compressor  and  air  pipe  system 
to  make  the  tanks  operate  properly  would  not  have  been  much  of  an 
undertaking. 

A  short  time  ago,  the  writer  had  occasion  to  inspect  another  high- 
head  plant  (1  800  ft.)  in  California,  in  which  the  needle  inside  the 
nozzle  was  operated  by  the  governor  direct — in  connection  with  an 
auxiliary  needle  for  relief.  There  were  strong  indications  that  an 
air  tank  on  this  line  would  have  been  very  useful  in  preventing  excess 
pressure,  especially  at  times  when  the  load  was  low  and  going  still  lower. 

Mr.  MiNTON  M.  Warren,!  Assoc.  M.  Am.  Soc.  C.  E.  (by  letter). — The 

Wan  en.  ^vriter  was  much  gratified  to  find  that  his  formulas  for  air  tanks  had 

been  verified  by  Professor  Church,  and  by  actual  data  of  Mr.  Wahlman, 

*  San  Francisco,  Cal. 
t  Cambridge,  Mass. 
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in  the  case  where  they  were  properly  applied.    He  also  wishes  to  thank      Mr. 
Mr.  Johnson  and  Mr.  Jorgensen  for  their  discussions. 

The  formulas  and  object  of  the  paper  have  been  somewhat  mis- 
understood, as  the  formulas  were  offered  merely  as  a  guide  to  air 
tank  design,  and  to  be  used  only  with  the  full  realization  of  the  assump- 
tions on  which  they  were  based.  Any  engineer  applying  them  must, 
of  course,  use  his  judgment  in  fitting  them  to  the  special  case  he  is 
designing. 

As  far  as  the  writer  knows,  no  useable  formula  of  any  kind  has 
been  offered  for  air  tank  design,  and  these  are  presented  as  a  start  for 
such  computations.  As  governor  action,  wheel  efficiency,  friction,  etc., 
cannot  be  neglected,  the  results  must  be  modified  in  each  particular 
case,  and  differential  devices,  valves,  or  orifices,  must  be  used  in 
order  to  prevent  surges  and  aid  regulation. 

Before  publication  the  formulas  were  checked  by  the  results  of  an 
actual  operating  air  tank  which  had  been  very  successful  in  removing 
trouble  caused  by  surges  and  water-hammer  in  a  large  power  plant. 

These  data  are  not  at  present  available  to  the  writer,  but  the  results 
of  actual  tests  of  a  new  air  tank  design  along  these  lines  will  soon  be 
ready,  and  when  published  should  give  valuable  information  on  this 
subject. 
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Synopsis. 

The  object  of  this  paper  is  to  describe  the  principal  construction 
problems  that  confronted  the  contractor  in  making  the  connection 
between  the  present  subway  in  Park  Avenue  and  the  new  Lexington 
Avenue  line  in  the  vicinity  of  42d  Street,  Borough  of  Manhattan, 
New  York  City,  and  also  in  the  extension  of  the  Queensborough  Tunnel. 

The  greater  part  of  this  contract  is  made  up  of  special  construction. 
As  the  standard  construction  in  the  New  York  subways  has  often 
been  described,  it  will  not  be  dealt  with  in  this  paper. 


General  Description. 
On  September  11th,  1914,  the  Public  Service  Commission  for  the 
First  District  of  New  York  invited  proposals  for  the  construction 
of  Section  No.  1  of  Route  43,  a  part  of  the  Seventh  Avenue  Rapid 
Transit  Railroad,  and  Section  No.  1  of  Route  26,  a  part  of  the  Stein- 
way   Tunnel,   now  called  the  Queensborough   Tunnel.     The   Commis- 

*  Presented  at  the  meeting  of  December  19th,  1917 
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sion  included  in  this  proposal  a  spur  to  the  existing  Manhattan-Bronx 
Rapid  Transit  Railroad. 

The  limits  of  the  routes  covered  by  this  paper  are  as  follows : 
Section  No.  1  of  Route  43  (Fig.  1)  extends  from  a  point  about  50  ft. 
south  of  the  south  side  of  38th  Street  to  the  north  side  of  42d  Street. 
It  also  includes  the  spur-track  connecting  with  the  present  subway  at 
Vanderbilt  Avenue,  and  the  ramp  from  the  Queensborough  Elevator 
Shaft  to  the  Grand  Central  Station.  Section  No.  1  of  Route  26  is 
in  Forty-second  Street,  below  the  Diagonal  Station,  and  extends 
from  Vanderbilt  Avenue  to  a  point  about  100  ft.  east  of  the  east 
building  line  of  Lexington  Avenue. 

The  contract  was  executed  on  December  4th,  1914,  and  the  time 
allowed  for  the  completion  of  the  work  was  28  months. 

TABLE  1. — Principal  Quantities. 


Section  1,  Route  43. 

Section  1,  Route  26. 

Earth  excavation,  in  cubic  yards 

Rock  excavation,     "      "          "     

Tunnel  excavation, "      "          "    

65  000 
45  000 

25  500 
4  725 

26  00(J 

300 

130 

24  900 

309 

Concrete,  in  cubic  yards 

11  850 

The  general  plan  of  construction  called  for  a  sub-surface  railroad 
having  four  tracks  in  the  case  of  Route  43,  and  sub-surface  railroads 
having  two  tracks  in  the  cases  of  Route  26  and  the  spur. 

The  work  under  the  contract  included  the  care  and  support  of 
buildings,  sewers,  pipes,  railroads,  with  their  rolling  stock,  and  other 
surface,  sub-surface,  and  overhead  structures;  the  maintenance  of 
traffic;  the  safety  and  protection  of  passengers  and  other  persons; 
the  restoration  of  pavements  and  other  surfaces;  and  the  removal 
and  reconstruction  of  portions  of  the  Manhattan-Bronx  Rapid  Tran- 
sit Railroad  and  portions  of  the  existing  Queensborough  Tunnel,  in 
order  to  provide  a  connection  with  the  new  work. 

The  contract  also  provided  that  the  adjacent  portions  of  the 
Queensborough  Tunnel  be  put  into  operation  before  the  completion 
of  the  work  under  contract,  and  that  the  work  be  conducted  in  such 
a  manner  as  not  to  interfere  with  or  interrupt  the  safe  and  continuous 
operation  of  the  trains,  and  avoid  injury  to  passengers  or  other  persons. 

Shafts  for  the  Disposal  of  Excavated  Materials. — The  contract 
required  that  the  work  on  Section  1,  Route  43,  be  prosecuted  from 
within  the  limits  of  the  property  acquired  by  the  City,  bounded  by 
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the  east  line  of  Park  Avenue,  the  north  line  of  East  41st  Street,  and 
the  south  line  of  East  42d  Street.  This  was  formerly  the  site  of  the 
Grand  Union  Hotel,  the  buildings  on  which  had  been  torn  down  and 
removed  by  other  contractors. 

All  material  was  taken  into  or  removed  from  the  property  through 
■a  driveway  across  the  north  sidewalk  of  East  41st  Street. 

Excavated  material  from  the  Queensborough  Tunnel  level  was 
taken  up  through  the  shaft  east  of  First  Avenue  after  it  had  been 
transmitted  through  the  north  tube — which  the  contract  provided 
could  be  used  for  construction  purposes — and  also  up  through  the 
ventilating  shaft  on  Park  Avenue,  near  the  southeast  corner  of  Park 
Avenue  and  East  42d  Street. 

The  contractor  was  permitted  to  have  an  additional  shaft  in  Park 
Avenue  adjacent  to  the  east  side  of  the  parkway  at  East  40th  Street. 
This  shaft  will  be  back-filled  after  the  completion  of  the  work. 

Excavation.- — The  excavation  for  the  Diagonal  Station  crossing 
the  lot  east  of  Park  Avenue,  between  41st  and  42d  Streets,  was  done 
entirely  as  open  cut.  The  material,  both  earth  and  rock,  was  removed 
by  derricks  and  locomotive  crane.  The  portion  of  the  work  in  Park 
Avenue,  between  42d  and  40th  Streets,  which  consisted  in  reconstruct- 
ing the  present  tunnel  for  north-bound  trains,  and  the  section  in  42d 
Street,  was  done  by  the  usual  cut-and-cover  method.  The  south-bound 
local  and  the  express  tracks,  running  south  from  the  diagonal  station, 
were  completed  by  tunneling.  The  Queensborough  Tunnel,  which  was 
originally  a  two-track  road,  each  track  in  a  separate  tunnel,  was 
widened  by  the  slice  method,  and  thus  the  two  single-track  tunnels  were 
changed  into  a  single-span  arch,  forming  the  new  Grand  Central 
Station. 

Sewers. — The  sewers  to  the  west  of  Park  Avenue  were  led  into 
a  large  chamber  built  just  west  of  the  new  south-bound  local  tunnel. 

Many  changes  were  made  necessary  in  the  sewer  system  on  account 
of  the  construction  of  these  sections.  The  most  important  part  of 
the  sewer  reconstruction  was  that  running  from  Park  Avenue  and 
41st  Street.  It  consisted  of  three  42-in.  cast-iron  pipes,  under  all  the 
subways,  and  an  8  by  8-ft.  concrete  sewer  to  the  East  River.  The 
contractor  built  this  section  to  a  point  200  ft.  east  of  Third  Avenue. 

Duct  Lines. — The  duct  banks  of  the  present  subway,  from  33d 
to  42d  Street,  had  been  laid  between  the  tracks  in  the  north-bound 
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and  south-bound  tunnels,  and  had  to  be  removed  on  account  of  the 
turnouts  from  the  old  to  the  new  tunnels  at  38th  and  39th  Streets. 
The  contract  required  that  a  new  duct  line  of  72  conduits  be  built 
in  Park  Avenue  from  38d  to  41st  Street,  and  that  connections  be 
made  with  the  present  lines  in  splicing  chambers  built  at  33d  and 
41st  Streets.  At  these  streets,  duct  lines  were  built,  crossing  the 
roof  of  the  present  subway,  so  that  connections  could  be  made  at 
either  side  with  the  old  conduits.  At  Fifth  Avenue  and  42d  Street 
another  connection  was  made,  crossing  the  present  subway,  on  account 
of  the  change  in  the  tracks  in  42d  Street  in  front  of  the  Grand 
Central  Terminal. 

The  Steinway  or  Queensborough  Tunnel. 

What  is  now  known  as  the  Queensborough  Tunnel  is  the  final 
development  of  that  which  was  originally  called  the  Steinway  Tunnel. 
It  was  begun  under  a  franchise  granted  to  William  Steinway  in  1890. 
Owing  to  a  serious  accident,  the  work  of  construction  had  been  aban- 
doned. 

In  1905  the  New  York  and  Long  Island  Railroad  Company,  a 
subsidiary  of  the  Interborough  Rapid  Transit  Company,  purchased  the 
Steinway  franchise,  and,  under  a  contract  with  the  Degnon  Con- 
tracting Company,  drove  two  single-track  tunnels  under  the  East  River. 
These  extended  west  to  Park  Avenue,  ending  in  a  loop  (Fig.  4).  On 
September  26th,  1907,  the  tunnels  were  completed,  and  a  trolley  car 
with  an  overhead  feed  made  its  initial  trip  from  Jackson  Avenue 
Station,  in  Long  Island  City,  to  what  is  now  known  as  the  Grand 
Central  Station  of  the  Queensborough  Tunnel,  just  east  of  Lexington 
Avenue. 

During  construction  the  tunnel  was  usually  spoken  of  as  the 
Belmont  Tunnel,  August  Belmont  being  at  the  time  President  of 
the  Interborough  Transit  Company. 

Owing  to  litigation  over  the  alleged  expiration  of  the  franchise, 
the  running  of  the  car  was  discontinued,  and  the  tunnel  remained 
unused  until  October,  1907,  when  the  car  was  removed  from  the  tunnel. 

In  1913  the  tunnels  were  purchased  by  the  City  and  incorporated 
as  a  section  of  the  Dual  Subway  System.  The  work  of  reconstruction 
from  an  overhead  trolley  system  to  one  operated  by  the  third  rail  was 
commenced.     The  tunnels  were  opened  to  public  traffic  on  June  22d, 


p^G  2 Open  Cut,  Looking  Toward  41st  Street,  Showing  Drifts  for 

Local  and  Express  Tunnels. 


Fie    3 —Great  Arch  Completed.     Station   Platform  Adjoining  East   Side  of 

Elevator  Shaft. 
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1915,  between  the  Jackson  Avenue  Station  and  the  so-called  Grand 
Central  Station  in  East  42d  Street,  near  Lexington  Avenue.  The 
tunnel  is  now  in  operation  to  the  Bridge  Plaza,  in  Long  Island  City, 
where  it  connects  with  the  Interborough  Rapid  Transit  Company's 
system  extending  to  Corona.  When  the  present  subway  line,  now 
running  westward  from  the  Grand  Central  Terminal,  is  diverted  to 
the  Lexington  Avenue  route,  it  is  intended  to  extend  the  Queens- 
borough  Tunnel  westward  from  the  Grand  Central  Terminal  to  Times 
Square,  by  an  ascending  grade,  until  it  reaches  the  level  of  and  joins 
the  two  south-boimd  tracks  of  the  present  42d  Street  Subway,  between 
Fifth  and  Sixth  Avenues. 

The  original  Steinway  Timnel,  where  the  change  was  made  to 
conform  to  the  new  design,  was  a  single-track  railway  tunnel  running 
east  and  west  in  East  42d  Street,  with  a  circular  return  loop  in  Park 
Avenue. 


CROSS-SECTION  OF  THE  GRAND  CENTRAL  STATION 
AS  BUILT 

F^G.   5. 

The  two  single  tunnels  were  about  65  ft.  to  base  of  rail  below  the 
street  surface,  and  were  28  ft.  from  center  to  center,  with  12  ft.  of  rock 
between  the  tunnel  walls. 

Method  of  Reconstructing  the  Queenshorough  Tunnel  to  Extend 
the  Grand  Central  Statio7i  to  the  Elevator  Shaft. — Fig.  5  shows  the 
relative  positions  of  the  old  and  new  tunnel  arches,  and  also  shows 
the  tunnel  as  reconstructed. 

The  first  operation  of  reconstruction  was  to  excavate  the  inverts 
of  the  two  single-track  tunnels  and  the  rock  down  to  the  new  sub- 
grade  throughout  the  length  of  the  new  station.  After  that  was  done, 
cross-cuts  were  made  at  intervals,  connecting  the  two  old  tunnels; 
they  were  12  ft.  wide  and  in  height  they  extended  from  a  little  below 
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the  springing  line  of  the  arch  to  the  neat  line  of  the  crown.  The  cross- 
cut having  been  completed  for  the  full  extent  of  the  new  arch,  the 
concrete  side-walls  were  built  up  to  the  springing  line  of  the  arch. 
The  next  operation  was  to  erect  the  timber  centers  and  bulkheads 
above,   ready  to   receive  the   concrete.     After  the   concrete  had  been 


SLICE  METHOD  OF  EXCAVATING 

FOR  THE 

RECONSTRUCTION  OF  THE  STEINWAY  TUNNEL 

l.-Slices  15  ft.  wide  were  excavated  through  the  walls  of 
the  old  tunnels,  and  then  the  arch  form  was  erected. 

2.-Af ter  concreting  the  ring  the  material  adjoining  it  is 
excavated  and  the  arch  is  built. 

Fig.  6. 
placed,  and  while  it  was  setting,  the  drilling  for  the  advance  cut  was 
completed  for  another  setting  of  the  arch  centers. 

The  contract  provided  for  water-proofing  above  the  large  arch,  but, 
after  the  excavation  had  advanced  considerably,  it  was  decided  to  omit 
it.     The  arch  was  all  grouted  and  water-proofed  inside  by  the  hydro- 
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lithic  cement  plaster  process.  The  only  timber  used  during  the  progress 
of  the  excavation  for  the  large  arch  was  that  in  the  concrete  arch  center. 
The  concrete  for  the  great  arch  was  placed  by  hand.  It  was  mixed 
at  Shaft  2,  at  the  East  River,  and  hauled  from  the  mixer  to  the  work 
by  an  electric  trolley  through  the  north  tube.    The  concrete  was  dumped 


METHOD  OF  PLACING  CONCRETE  ARCH 


Span  of  arch,  45  ft.  6  in.  to  55  ft.  1'4  in. 
Concrete  was  delivered  in  iron  side-dump  cars. 
Pig.   7. 

from  the  cars  on  platforms  on  the  tunnel  floor  below  the  arch  centers, 
and  cast  up  into  place  by  shovelers.  Two  men  worked  above  the 
lagging,  placing  and  tamping  the  concrete  of  the  arch.  A  gang  of 
fourteen  men,  working  24  hours,  in  8-hour  shifts,  could  fill  one  arch 
ring,  comprising  100  cu.  yd.  of  concrete. 

Figs.  6  and  7  show  the  method  of  procedure  in  excavation  and  in 
concrete  placing. 
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Queenshorough  Tunnel  Elevator  Shaft. — Another  feature  of  the 
Queensborough  Tunnel  construction  that  was  as  important  as  the  great 
arch  was  the  elevator  shaft.  This  shaft  is  about  63  ft.  square  to  the 
neat  line  of  the  excavation,  and  is  71  ft.  in  depth  to  the  sub-grade 
of  the  track. 

The  first  operation  in  preparing  to  sink  the  shaft  was  to  deck  the 
street  in  the  usual  manner.  When  the  shaft  was  started,  the  cut 
for  the  diagonal  station  was  down  to  the  sub-grade  crossing  the  lot 
to  the  south  of  42d  Street.  A  cut  was  excavated  from  the  lot,  parallel 
to  the  west  side  of  the  shaft  and  near  it,  over  to  the  north  curb  of 
42d  Street. 

Before  excavating  this  cut  it  was  necessary  to  reinforce  the  brick 
sewer  in  42d  Street  where  it  crossed  the  cut.  This  reinforcement  con- 
sisted of  steel  rods  in  concrete  envelopes.  The  excavated  material 
from  the  cross-cut  to  the  shaft  and  from  the  upper  portion  of  the  first 
section  of  the  shaft  was  removed  from  the  lot  by  the  derrick,  pre- 
viously erected  to  handle  the  excavated  material  from  the  42d  Street 
ventilating  shaft.  Until  it  was  possible  to  break  through  the  roof  of 
the  Queensborough  Tunnel,  the  muck  was  hoisted  in  buckets,  suspended 
from  the  girders  of  the  street  decking,  and  loaded  into  cars.  Four 
drifts  were  dug  from  the  42d  Street  lot,  northward,  to  the  curb  in 
front  of  the  Grand  Central  Terminal.  These  drifts  were  proportioned 
to  receive  lattice  girders  to  support  the  timber  decking  of  the  street. 
These  girders  were  from  40  to  44  ft.  long  and  from  42  to  52  in.  deep,  and 
were  procured  from  the  Second  and  Third  Avenue  Elevated  Railway 
during  the  three-track  reconstruction.  The  north  portion  of  the  shaft 
was  excavated  first  and  the  lattice  girders,  after  being  placed,  were 
supported  on  posts  to  rock  at  the  edge  of  the  shaft.  One  end  of 
each  girder  was  near  the  north  curb  of  42d  Street,  the  other  end 
was  on  the  center  line  of  the  elevator  pit. 

After  the  decking  girders  were  in  place,  the  excavation  for  the 
full  north  half  of  the  shaft  was  begun.  Several  pipe  lines,  including 
a  30-in.  water  pipe,  crossed  the  north  half  of  the  shaft  excavation; 
also,  while  the  sinking  of  the  north  portion  of  the  shaft  was  in  progress, 
the  sewer  crossing  the  south  portion  was  by-passed  in  a  40-in.  steel  pipe. 

When  the  mezzanine  floor  was  completed,  the  decking  girders 
for  spanning  the  south  half  of  the  shaft  were  in  place,  ready  to  take 
the  load  of  the  street  and  the  sidewalk  from  the  temporary  posting. 
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Two  52-ft.  girders  were  placed  at  the  same  time  as  the  decking  girders 
for  supporting  those  columns  of  the  Elevated  Railroad  that  came 
within  the  limit  of  the  south  part  of  the  shaft  excavation.  The  north 
ends  of  the  decking  and  underpinning  girders  were  all  supported  on 
the  steel  of  the  mezzanine  floor,  and  this  had  to  be  reinforced  in  order 
to  carry  the  loads  properly  distributed. 

In  connection  wdth  the  Queensborough  Tunnel  there  is  a  ventilating 
shaft  near  the  southeast  corner  of  42d  Street  and  Park  Avenue.  This 
shaft  was  joined  with  the  south  tube  of  the  double  tunnel  section 
which  runs  west  from  the  elevator  shaft.  These  two  single-track 
tunnels  were  included  in  the  contract  as  far  as  Vanderbilt  Avenue. 
The  south  tunnel  passed  the  corner  pier  of  the  Hotel  Belmont  in 
solid  rock,  with  only  10  ft.  of  rock  between  the  concrete  footing  of 
the  pier  and  the  limit  of  excavation.  The  load  on  the  footing  was 
850  tons.  The  two  north-bound  tracks  of  the  Manhattan-Bronx  Rail- 
way will  be  utilized  for  a  shuttle  train  service  between  Broadway  and 
the  Queensborough  Elevated  Shaft.  The  extension  of  these  tracks 
between  Vanderbilt  Avenue  and  the  Elevator  Shaft,  and  the  ramp 
connecting  the  Elevator  Shaft  and  the  Grand  Central  Terminal  are 
parts  of  the  contract. 

Route  43. 

The  principal  features  of  interest  on  Route  43  are  as  follows : 
(1)  The  design  and  construction  of  the  "half-arch"  section  over 
the  express  tracks  and  the  south-bound  local  near  39th  and  38th 
Streets,  respectively;  (2)  lowering  the  invert  of  the  north-bound 
local  track  and  maintaining  traffic;  (3)  constructing  the  south-bound 
local  and  the  express  tracks  beneath  the  old  tunnels,  and  erecting 
steel  at  the  latter  places. 

The  Half-Arch  Construction. — This  construction  was  suggested 
by  the  contractor's  engineers  after  the  contract  had  been  let.  The 
original  design  is  shown  on  Plate  II  and  Figs.  12  and  13.  The  speci- 
fication stated  that  the  contractor  would  be  "required  to  allow  and 
arrange  with  the  Interborough  Company  to  put  in  such  cross-overs 
as  may  be  needed  between  the  existing  tracks  for  the  prosecution  of 
the  work.  *  *  *  To  reconstruct  or  install  and  maintain  such 
signals,  lighting,  and  telephone  cables  as  may  be  necessary  for  the 
proper  operation  of  trains,  as  determined  by  the  Engineer  and  the 
Interborough  Company." 


Fig.   10. — Excavation  for  South  Side  op  Elevator  Shaft   Completed  to 
Grade  of  Engine-Room  Floor. 


Fig.   11. — Rear  of  Side  Drift,  Showing  Old  Abch   Drilled.      Blocking  is 
Shown  Under  Arch  Resting  on  Shield. 
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Cross-overs  could  have  been  made  south  of  the  new  construction 
near  38th  Street,  but,  in  order  to  make  any  south  of  the  station  at 
42d  Street,  an  elaborate  reconstruction  of  the  existing  structure 
would  have  been  required. 

On  account  of  the  cross-overs  and  their  maintenance,  and  the 
great  danger  to  the  traveling  public  in  the  Subway  due  to  temporary 
change  of  signals  and  track  system,  it  was  decided  to  eliminate  all 
track  changes. 
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Drawings  made  in  the  contractor's  field  office,  Figs.  14,  15,  16,  and 
IT,  show  the  several  steps  in  the  procedure  for  the  proposed  work. 
These  plans  contemplated  removing  one-half  of  the  existing  arch  in 
short  sections  and  erecting  the  new  structure  completely  before  remov- 
ing another  portion  of  the  arch.  The  function  of  the  new  structure  was 
to  resist  the  crown  thrust  of  the  old  arch  and  to  support  the  rock 
above  the  new  track.  This  plan  omitted  entirely  any  new  work  above 
the  opposite  tracks.  In  order  to  protect  the  trains  and  the  tracks  from 
any  small  pieces  of  falling  material,  a  shield  was  designed  for  the 
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interior   of   the  old  tunnel   and   was   erected  before   the  work,   above 
described,  was  commenced. 

It  was  not  claimed  by  the  contractor,  however,  that  the  shield 
was  designed  to  support  large  masses  of  falling  concrete;  it  was  built 
only   to   hold   the  concrete  in   place  by   fitting   the  ribs   and  lagging 
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Fig.  13. 


closely  to  the  sides  of  the  arch,  and  by  blocking  on  the  flat  tops  of 
the  shield. 

The  shield  sections  were  erected  while  the  express  trains  were  not 
running,  between  1.00  and  5.30  a.  m.  A  foreman  and  seven  men 
constituted  the  gang  that  erected  the  shield.     Rubber  mats  were  laid 
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on  the  third-rail  guards  when  the  steel  ribs  were  being  erected.  In 
order  to  insure  the  best  possible  organization,  the  men  were  instructed 
in  their  duties,  such  as  placing  horses  for  scaffolds,  erection  of  the 
ribs,  etc.,  as  everything  had  to  be  removed  and  replaced  for  every 
train  to  pass.  Consequently,  it  became  necessary  to  put  up  a  complete 
steel  rib  and  fasten  the  parts  together  between  trains  running  on  the 
local  tracks  under  a  7^-min.  headway.  The  holes  in  the  concrete  arch 
for  receiving  the  expansion  bolts,  which  held  the  ribs,  were  drilled  by 
another  gang  some  time  before  the  shields  were  placed.  The  dif- 
ferent steps  in  the  process  of  excavation  were  carried  out  as  originally 
planned.  ^s^/«^ 


TUNNELING  FOR  NEW  EXPRESS  TRACKS 
AT  PARK  AVENUE  AND  FORTIETH  STREET. 
CROSS-SECTION,  BEGINNING  OF  OPERATIONS. 

Fig.   14. 

The  heading  shown  as  operation  No.  1  on  Fig.  14  was  driven  south 
from  the  40th  Street  Shaft  to  the  end  of  the  reconstruction  sections, 
but  the  heading  for  the  half -arch  work  south  of  the  south-bound  local 
tunnel  was  driven  about  50  ft.  in  advance  of  the  widened  section  ahead 
of  the  steel  erection.  The  drills  used  were  Ingersoll-Rand  jack- 
hammers  (BCE-430).  In  the  heading  8-ft.  holes  were  drilled  and  6-ft. 
holes  were  driven  for  operations  Nos.  2  and  3,  perpendicular  to  the  main 
heading.  The  bench  was  taken  out  in  two  lifts,  as  shown  by  Fig. 
14.  Where  the  concrete  arch  was  thick  enough  to  permit  the  use  of 
explosives  in  light  charges,  this  method  was  used.  Otherwise,  and  for 
the  greater  portion  of  this  work,  the  concrete  was  removed  by  plugs 
and  feathers.     The  plugs  were  pieces   of  old  drill  steel  formed  into 
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wedges  and  driven  by  IngersoU-Rand  drills  (BCR-53)  from  which 
the  rotating  device  had  been  removed.  The  holes  for  plugging  were 
drilled  about  6  or  8  in.  apart,  and  from  1  to  2  ft.  from  the  face  of 
the  concrete  to  be  removed. 

The  dynamite  used  was  "Red  Cross",  low-freezing,  40%  gelatine, 
li  in.  in  diameter,  one  stick  weighing  about  J  lb. 

The  holes  for  operations  Nos.  2  and  3  were  about  12  in.  from  center 
to  center,  two  being  fired  at  one  time  with  about  one-quarter  of  a  stick 
of  dynamite  in  each  hole. 


TUNNELING  FOR  NEW  EXPRESS  TRACKS. 
AT  PARK  AVENUE  AND  FORTIETH  STREET. 
CROSS-SECTION,  ADVANCING  OPERATIONS. 

Fig.   15. 

In  the  tunnels,  near  where  the  work 'was  in  progress,  the  Inter- 
borough  Company  had  stationed  watchmen  who  were  able  to  com- 
municate with  the  tunnel  foremen  by  telephone  so  that  no  blasts 
would  be  fired  while  trains  were  passing.  After  each  shot  the  watch- 
man examined  the  shield  and  track  to  see  if  everything  was  safe  for 
the  passage  of  trains.  The  roof-beams  of  the  new  construction  are 
3  ft.  apart.  Two  beams  were  placed  and  concreted  each  week,  and  the 
necessary  rock  was  excavated.  The  beams,  which  averaged  2  tons  each, 
were  lifted  into  place  with  a  hoisting  engine  in  the  finished  tunnel, 
rigged  with  a  snatch  block  on  the  floor  ahead  and  a  fall  fixed  above 
the  roof-beams  in  the  rock  by  using  a  head-frame.  The  concrete 
forms  for  the  roof  were  fastened  to  the  roof-beams  with  hook-bolts. 
A  timber  bulkhead   was   built   on   the   end   beam   and   braced  to   the 
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rock  face  ahead.  The  concrete  was  mixed  in  a  ^-cu.  yd.  mixer  in 
the  40th  Street  Shaft  above  the  tunnel  roof,  the  materials  being  fed 
into  the  mixer  from  bins  in  the  shaft  above.     The  mixer  discharged 


TUNNELING  FOR  NEW  EXPRESS  TRACKS. 
AT  PARK  AVENUE  AND  FORTIETH  STREET. 
NEW  STEEL  IN  PLACE. 
Fia.  16. 


TUNNELING  FOR  NEW  EXPRESS  TRACKS 

AT  PARK  AVENUE  AND  FORTIETH  STREET. 

LONGITUDINAL  SECTION  OF  HEADING. 
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Fig.  17. 


into  cars  running  on  a  track  above  the  tunnel  floor  high  enough  to 
permit  men  and  muck  cars  to  pass  beneath,  to  and  from  the  heading. 
Wliere  the  concrete  was  to  be  placed  between  and  above  the  roof- 
beams  a  pair  of  timber  guides  was  set  up  and  a  light  special  bucket 
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for  raising  the  concrete  was  run  up  the  guides  and  dumped  behind 
the  beams. 

Lowering   the  Invert  of  the   North-Bound  Local   Track. 

This  work  was  between  Stations  208  +  47  and  209  +  58,  in  the 
north-bound  tunnel,  where  the  old  arch  was  not  changed,  and  up  to 
Station  210  +  18,  which  is  near  the  south-east  corner  of  41st  Street 
and  Park  Avenue.  This  latter  portion  is  under  new  steel  construction 
and  is  protected  by  shields  like  those  used  for  the  half-arch  con- 
struction. The  first  step  in  this  work  was  to  remove  a  section  of  the 
third  rail,  after  which  the  ballast  was  removed  from  the  ends  of  the 
ties  and  10-in.  Bethlehem  H -beams,  with  cover-plates,  were  fitted  to 
the  ends  of  the  ties,  the  latter  being  supported  on  the  bottom  flanges 
of  the  beams.  The  beams  were  held  in  place  with  tie-rods.  The 
H -beams  were  20  ft.  long,  and  rested  on  the  floor  of  the  old  tunnel. 
After  the  track  had  been  supported  in  this  manner,  a  pit  was  excavated 
between  the  tracks,  deep  enough  to  permit  of  working  space  for  tunnel- 
ing below  the  track.  A  cross-cut  was  then  made,  10  ft.  wide,  beneath 
the  track.  This  cut  was  then  extended  longitudinally,  10  ft.  at  a  time, 
in  the  direction  of  the  track.  As  soon  as  one  slice  was  completed  the 
walls  and  invert  were  built  and  the  H-beams  were  advanced  for  another 
increment.  This  work  also  included  the  vmderpinning  of  the  side-wall 
of  the  tunnel  arch  south  of  Station  209  +  58,  as  shown,  on  Plate  IV. 
The  new  wall  footing  was  tied  to  the  rock  by  steel  rods  set  into  drill 
holes  and  grouted. 

This  track,  being  for  local  service,  was  always  operated  both  day 
and  night.  The  express  trains,  however,  did  not  run  between  1.00  and 
5.30  A.  M.  The  temporary  supports  of  the  track  were  designed  so  that 
the  new  track  could  be  laid  beneath,  for  the  greater  portion  of  the 
section.  Where  the  old  and  new  tracks  would  interfere  with  each 
other,  the  new  one  will  be  omitted  and  the  present  one  will  be  lowered 
into  place  and  connected  to  the  new  one  when  the  time  comes  to 
operate  the  Lexington  Avenue  Line. 

The  pay  line  north  of  Station  209  -|-  58  is  similar  to  that  shown 
on  Plate  IV,  with  the  exception  that  the  contract  plan  contemplated 
excavating  from  the  surface  between  the  side-walls  of  the  tunnel  and 
the  building  line.  The  excavation,  however,  did  not  extend  more 
than  2  ft.  outside  of  the  arch  wall  where  the  footing  was  renewed. 
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Before  the  excavation  for  the  north-bound  local  track  was  started, 
in  the  Grand  Union  Hotel  lot,  two  piers  of  the  building  at  the 
corner  of  41st  Street  were  underpinned  to  the  sub-grade  of  the  cut. 
Fig.  23  shows  the  concrete  pier  at  the  corner  of  the  building. 

The  headings  for  the  north-bound  and  south-bound  express  track 
construction  north   of  40th   Street   required   no   timbering.     The   old 
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CROSS-SECTION  OF  PARK  AVENUE, 

SOUTH  OF  EAST  42d  STREET, 

LOOKING  NORTH. 

The  first  bent  of  the  new  steel  construction  is 
shown  in  place  over  the  old  and  new  express 
tracks,  and  excavation  is  in  progress  over  the 
north-bound  track'. 

Fig.  20. 

tunnels  were  heavily  timbered  south  of  40th  Street  in  places,  and  this 

timbering  was  all  removed  where  it  came  within  the  reconstruction 

lines. 

It   was   found   that  the  grout   of  the   old   tunnel   had   completely 

filled  the  spaces  between  the  concrete  and  the  rock.     The  timbers  of 

the    old   construction    were   completely    surrounded    by    the    concrete. 

Extraordinary   precautions   must   have   been   taken   in   timbering   the 

tunnel,  as  in  many  places  where  the  reconstruction  exposed  the  old 
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timber  the  rock  was  quite  sound.  Several  places,  however,  were  en- 
countered where  special  care  had  to  be  exercised  on  account  of  dis- 
integrated rock  above  the  timbers. 

Construction  of  the  South-Bound  Local  and  Express  Tracks  Under 
THE  Present  Subway. 

Plates  III  and  IV  and  Figs.  25  and  26  show  the  steel  construc- 
tion as  planned,  and  on  which  the  bids  were  based. 

It  will  be  noticed  on  Fig.  25  that  the  roof  beams  for  the  reconstruc- 
tion of  the  north-bound  tunnel  are  heavy  plate  girders  spanning  the 
two  tracks.  Some  of  these  girders  rest  on  columns  made  of  I-beams 
built  into  the  side-walls,  and  others  are  framed  into  longitudinal  plate 
girders  which  are  supported  at  the  roof  elevation  by  columns.  (See 
the  cross-section  on  Plate  III.)  The  roof  girders  were  only  12  or  15 
in.  above  the  tops  of  the  cars.  On  account  of  the  nimiber  and  the 
great  weight  of  these  plate  girders  and  the  small  space  between  the 
street  deck  supports,  it  was  considered  dangerous  to  attempt  to  erect 
the  steel,  as  shown  on  the  plans,  above  the  Subway  trains  that  pass 
this  point  day  and  night. 

The  engineers  of  the  Commission  were  requested  by  the  contractor 
to  change  the  plate-girder  design  to  the  standard  structure  adopted 
on  the  original  Subway,  a  piece  of  which  is  shown  on  Fig.  25,  and, 
in  section,  on  Plate  III. 

Girders  G-12,  G-13,  G-14,  and  G-15  were  to  be  placed  over  the 
roof  of  the  new  express  tracks  in  the  suggested  plan,  and  were  designed 
to  support  the  side-wall  columns.  Two  girders  were  designed  to 
replace  the  four  shown  on  Fig.  26  and  marked  TG-18  and  TG-19. 

An  additional  advantage  was  gained  by  placing  the  large  girders 
at  the  roof  level  of  the  new  express  tunnel,  for  the  reason  that  they 
were  used  to  support  the  steel  for  the  reconstruction  of  the  present 
north-bound  tunnel,  thereby  permitting  the  completion  of  the  upper 
tunnel  while  the  express  tunnel  was  being  built. 

It  was  proposed  to  omit  Girders  TG-13  over  the  new  south-bound 
local  track  and  place  the  roof  girders  radially  with  the  center  line 
of  the  track.  Drifts  were  driven  under  the  present  Subway  for  the 
express  and  south-bound  local.  The  drifts  were  9  ft.  high  and  from 
9  to  12  ft.  wide,  and  were  timbered  where  they  were  directly  below 
the  track  floors  of  the  Subway.     Tiiere  were  from  6  to  9  ft.  of  rock 


Fig.  21. — Finished  Portion  of  Half-Arch  Construction. 


Fig.  22. — Floor  of  Diagonal  Station,  Large  Gieders  for  Express  Tunnel 
Lying  on  tile  Floor. 
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Pig.  27. — E^>:pREss  Drift,  Looking  South. 


Fig.  28. — Express  Deift  with  Large  Girder  Passing  Through. 


Fig.   29. — Arch  of  North-Bound  Tunnel  Drilled  and  Removed  with 
Plugs  and  Feathers. 


F^G.  30. — EJxPEEss  Cut.     Drilling  for  Trench  to  Receive  Large  Girders. 
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left  between  the  roof  of  the  drift  and  the  bottom  of  the  track  floor. 
The  drifts  were  enlarged  by  men  working  from  scaffolds,  using  jack- 
hammer  drills.  A  band  of  rock  was  excavated  to  receive  one  or  two 
bents  of  steel,  and  these  were  at  once  erected  and  concreted.  This 
operation  was  carried  on  in  four  places  by  two  gangs,  each  alternating 
between  two  points  in  order  to  allow  the  concrete  to  set  while  drilling 
for  a  new  band.  The  contract  plans  contemplated  the  removal  of 
the  concrete  floor  of  the  old  tunnels,  in  order  to  place  the  new  steel, 
but,  by  the  adopted  plan,  it  was  possible  to  place  the  new  steel  without 
disturbing  the  invert  (excepting  where  deep  girders  occurred)  or  inter- 
fering with  the  Subway  traffic.  As  an  extra  precaution,  the  tracks 
of  the  Subway  were  supported  by  Bethlehem  H-beams  at  the  ends 
of  the  ties,  and  these  were  placed  so  as  to  span  the  space  where  the 
rock  was  being  removed  below.  The  columns  of  the  Subway  structure 
were  also  supported  temporarily  by  the  iinderpinning  spanning  the  cut. 
When  the  drift  of  the  south-bound  local  was  past  the  Subway  struc- 
ture, it  was  widened  to  the  full  size  of  the  new  sections,  and  advanced, 
south,  by  driving  a  top  heading  and  removing  the  bench  at  the  same 
time.  The  express  drift,  after  passing  the  Subway  structure,  met  the 
heading  that  was  driven  north  from  the  40th  Street  Shaft.  After 
the  old  structure  had  been  supported  on  the  roof  of  the  new  one, 
grout  was  pumped  into  the  joint  between  them. 

Erecting  Large  Girders  and  Columns  for  the  Express  Tunnels. 
The  first  operation  in  connection  with  the  erection  of  the  steel 
was  to  excavate  the  trenches  for  the  girders,  and  sink  pits  in  the 
rock,  from  the  level  of  the  Subway  to  the  sub-grade  of  the  grillages. 
Seven  of  these  columns  were  just  outside  of  the  walls  of  the  old 
north-bound  tunnel  and  three  were  between  the  Subway  tracks.  The 
large  girders  that  were  at  the  east  of  the  old  Subway  at  the  points 
where  Girders  G-14  and  G-15  are  shown  on  Fig.  25,  were  raised 
into  position  from  the  open  cut  with  a  gin-pole  and  tackle  and  rolled 
into  place.  All  the  other  large  girders  were  run  through  the  express 
track  drift  from  the  station  floor,  and  south  in  the  express  tvmnel 
far  enough  to  permit  them  to  be  pulled  endwise  up  into  the  open 
excavation  at  the  west  side  of  the  north-bound  tionnel.  The  two  girders 
between   the   tracks   were   passed,   from   the   express   cut,    through   an 
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opening  in  the  shield,  across  the  express  track,  and  placed  at  night 
when  the  express  service  was  not  in  operation. 

The  trench  between  the  tracks  and  the  pits,  for  the  columns  that 
were  to  support  the  large  girders,  was  ready  some  time  before  the 
girders  arrived.  Several  of  the  pits  were  stoped  up  from  the  express 
drifts,  and  others  were  sunk  from  the  bottom  of  the  open  cut  and 
the  tunnel  floor. 


ORDER  OF  CONSTRUCTION. 
1. -Drift  driven  on  center  line  3  ft. wide  and 

full  height, 
Z.-Grillaees  placed  and  concreted. 
3. -Columns  set  and  ''umbrella  section"  of 

concrete  built  up  to  rock  to  act  as  support 
while  widening  excavation. 
4. -Drift  widened  on  one  side  of  columns. 

and  wall  built 
5. -Arch  built  between  side-wall  and  "umbrella 

section" 
6  and  7.-Same  as  6  and  6,but  for  opposite  side. 
8. -Invert  built. 
9.-Curtain-wall  between  columns  placed. 


DIFFERENT  STEPS  IN  THE  CONSTRUCTION 

OF  THE  EXPRESS  TUNNEL  UNDER  PARK  AVENUE 

FROM  40th  to  41st  STREET 

Width  between  side  walls,  26  ft.  0  in. 
Height  from  floor  to  arch,  15  ft.  5  in. 
Center  columns  5  ft.  0  in.  apart. 


FiCi.    33. 

The  weights  of  the  girders  west  of  the  tracks  are  70  350  and  28  900 
lb. ;  those  between  the  tracks,  36  500  and  20  500  lb. ;  and  the  two  east 
of  the  tracks,  16  600  and  15  200  lb. 

Personnel. — The  personnel  was  as  follows:  Representing  the  Public 
Service  Commission  of  the  First  District  of  New  York :  Alfred  Craven, 
M.  Am.  Soc.  C.  E.,  Chief  Engineer;  Daniel  L.  Turner,  M.  Am.  Soc. 
C.  E.,  Acting  Chief  Engineer;  Robert  Ridgway,  M.  Am.  Soc. 
C.  E.,  Engineer  of  Subway  Construction;  John  H.  Myers,  Assoc.  M. 
Am.  Soc.  C.  E.,  Engineer,  Second  Division;  Robert  H.  Jacobs,  Assoc. 
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M.  Am.  Soc.  C.  E.,  Senior  Assistant  Division  Engineer;  Mr.  Stephen 
Schmidt,  Assistant  Engineer;  and  Mr.  Melvin  Miller,  Assistant  Engi- 
neer. Eepresenting  the  Rapid  Transit  Subway  Construction  Company, 
Contractor:  George  H.  Pegram,  President,  Am.  Soc.  C.  E.,  Chief 
Engineer;  Robert  A.  Shailer,  M.  Am.  Soc.  C.  E.,  Tunnel  Engineer; 
George  Perrine,  M.  Am.  Soc.  C.  E.,  Assistant  Tunnel  Engineer;  and 
Mr.  Thomas  McCormick,  General  Superintendent. 
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Discussioisr 


Mr.  John  Hays  Myers  *  Assoc.  M.  Am.  Soc.  C.  E.— It  is  well  that  some 

Myers 

one  has  placed  on  record  a  description  of  the  work  done  in  connecting 
the  new  Lexington  Avenue  Subway  with  the  existing  subway  on  Park 
Avenue,  as  well  as  of  that  incidental  thereto.  Much  of  it  was  done 
either  \mder,  over,  or  alongside  what  is  without  exception  the  densest 
railroad  traffic  in  the  world.  In  fact,  the  men  in  charge  of  operation 
speak  of  the  tracks  as  being  "saturated  with  trains."  Although  the 
problems  met  are  rare,  and  peculiar  to  construction  work  carried  on 
near  moving  trains,  nevertheless,  the  principles  involved  and  the 
methods  used  in  solving  these  problems  are  well  worthy  of  record.  The 
author,  therefore,  deserves  the  thanks  of  his  fellow-engineers  for  con- 
tributing this  paper  to  the  Transactions  of  the  Society. 

It  is  to  be  reg:retted,  however,  that  he  did  not  go  into  more  detail, 
because  much  more  could  have  been  written,  with  profit  to  the  Pro- 
fession, on  this  interesting  piece  of  construction  and  on  the  methods 
devised  and  carried  out  so  successfully.  The  speaker  desires,  therefore, 
to  amplify  certain  matters  contained  in  the  paper  and  to  bring  out 
others  which  the  author  has  not  mentioned. 

The  engineers  of  the  Public  Service  Commission  realized  before  the 
contract  was  advertised  that,  to  use  the  language  of  the  author,  the 
work  involved  was  not  by  any  means,  "the  standard  construction  in 
the  New  York  subways."  Therefore,  much  study  was  given  to  drawing 
up  the  contract,  writing  the  specifications,  and  making  the  plans.  That 
the  time  devoted  to  this  study  was  well  spent  is  shown  by  the  fact  that 
the  work  has  been  completed  with  few  and  minor  departures  from  the 
contract  plans,  and  that  few  questions  have  arisen  which  were  not 
covered  by  the  provisions  of  the  contract. 

The  author's  remark  that  the  standard  construction  in  the  New 
York  subways  will  not  be  dealt  with  in  this  paper  has  apparently 
precluded  any  reference  to  the  Diagonal  Station  proper,  other  than 
to  the  method  of  excavating,  on  page  280.  The  Diagonal  Station, 
so-called  because  of  its  location  diagonally  across  the  block  east  of 
Park  Avenue  between  41st  and  42d  Streets,  is  anything  but  standard 
subway  construction.  Although,  as  far  as  subway  traffic  is  concerned, 
it  is  an  ordinary  two-island-platform  station,  similar  to  the  present 
Grand  Central  Subway  Station,  its  foundations,  columns,  and  roof 
are  designed  so  as  to  permit  of  placing  above  it  a  tall  and  heavy  build- 
ing, in  order  that  the  property  condemned  by  the  City  of  New  York, 
197  ft.  6  in.  on  Park  Avenue  and  230  ft.  on  41st  and  42d  Streets,  may 
be  fully  utilized  for  building  purposes.  To  accomplish  this,  special 
attention  was  given  to  the  foundations  and  to  the  design  of  grillages, 

•  New  York  City. 


DISCUSSTOi>T  ON   SUBWAY   CONSTEUCTION  PROBLEMS  321 

columns,  and  roof  members,  members  of  extra  strength  being  disposed  Mr. 
so  as  to  anticipate,  as  far  as  possible,  the  needs  of  any  future  building 
operations.  Where  a  building  column,  because  of  its  location,  could 
not  be  carried  directly  on  one  of  the  station  columns,  heavy  twin 
girders  were  introduced  in  the  station  roof  to  take  the  load  of  such 
colunm  and  carry  it  to  two  of  the  station  columns. 

The  paragraph  on  sewers,  on  page  280,  refers  to  the  sewer  con- 
struction beneath  the  subway  at  41st  Street  and  eastward  under  that 
street.  Some  sewer  work  was  done,  also,  on  the  east  side  of  Park 
Avenue,  between  41st  and  42d  Streets,  which  continued  northwestward 
under  42d  Street  to  a  point  near  Vanderbilt  Avenue.  It  was  first  planned 
to  build  the  Park  Avenue  sewer  on  the  west  side  of  the  avenue,  but, 
owing  to  the  fact  that  it  would  have  necessitated  tunneling  adjacent 
to  the  Hotel  Belmont,  in  what  was  likely  to  be  shattered  rock  beneath 
the  floor  of  the  existing  south-bound  Park  Avenue  Subway,  the  Com- 
mission's engineers  changed  the  plan,  and  the  sewer  was  built  on  the 
east  side.  A  portion  of  the  excavation  consisted  merely  of  a  trench 
in  rock  below  the  general  level  of  the  excavation  for  the  Diagonal 
Station.  North  of  the  excavation  for  the  Diagonal  Station,  this  sewer 
was  built  in  tunnel  and,  when  put  in  service,  permitted  the  contractor 
to  discontinue  the  use  of  the  sewer  by-pass  which  the  author  mentions 
in  connection  with  his  description  of  the  large  shaft  connecting  with 
the  Queensborough  Subway  beneath  42d  Street. 

The  references  to  duct  lines,  on  pages  280  and  282,  do  not  bring 
out  the  fact  that  the  existing  duct  lines  between  the  tracks  in  the  north- 
and  south-bound  Park  Avenue  tunnels  were  a  vital  link  in  the  subway 
operation,  inasmuch  as  they  carried  cables  which  furnished  power  for 
both  operation  and  lighting.  Realizing  this,  the  engineers  of  the 
Commission  provided  in  the  contract  that,  in  addition  to  building  the 
new  duct  lines  which  the  author  describes,  the  contractor  should  draw 
into  tliese  lines  all  necessary  cables  to  replace  those  which  were  removed 
from  the  existing  tunnels.  This  work  was  accomplished  successfully 
without  any  interruption  of  train  service.  The  contract  provided  that 
payment  for  this  cable  work  should  be  upon  a  cost-plus-percentage 
basis. 

The  author  states  that  the  duct  line  near  Fifth  Avenue  was  built 
on  account  of  the  change  in  the  tracks  in  42d  Street  in  front  of  the 
Grand  Central  Terminal.  It  would  be  clearer,  perhaps,  to  say  that 
this  duct  line  was  built  because,  in  changing  these  tracks,  or  rather 
extending  them  eastward  to  form  a  stub-end  terminal,  the  side-wall  of 
the  existing  subway  was  removed  and  with  it  the  duct  bank  which 
carried  the  power  cables.  The  purpose  of  the  duct  line  at  Fifth  Avenue 
was  to  make  a  connection  between  the  lines  on  the  north  side  of  the 
42d  Street  Subway  and  those  on  the  south  side,  and  thereby  permit 
of  carrying  cables  past  the  gap  in  the  duct  line,  resulting  from  the 
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Mr.  removal  of  this  side-wall.  The  new  duct  line  was  built  by  tunneling 
^^^^'  beneath  42d  Street  east  of  Fifth  Avenue. 

On  pages  282  to  288  the  author  describes  the  very  successful  work 
of  lowering  the  grade  of  the  Steinway  Tunnel  tubes  and  converting 
them  into  a  wide  tunnel  containing  two  tracks  with  an  island  platform. 
It  should  be  recorded  here  that  this  was  similar  to  a  piece  of  work 
carried  on  previously  by  the  same  contractors  in  a  part  of  the  Queens- 
borough  Subway  under  42d  Street  east  of  First  Avenue.  This  work 
is  very  well  described  and  illustrated  in  a  paper*  by  Mr.  Melville  S. 
Miller,  the  engineer  in  charge  of  that  work  as  well  as  of  the  Queens- 
borough  Subway  work  described  by  the  author. 

The  author  describes,  on  page  290,  what  he  terms  the  "half  arch 
construction."  He  first  describes  and  illustrates  quite  fully  the  con- 
tract plans  covering  this  portion  of  the  work,  and  then  the  modifica- 
tions of  these  plans  and  the  method  of  executing  them.  The  modifi- 
cations proposed  by  the  contractor  are  no  doubt  an  improvement  on 
those  shown  by  the  contract  drawings.  The  design  is  similar,  to  those 
shown  in  the  contract,  the  improvement  consisting  principally  in  the 
provision  that  no  work  was  to  be  done  over  one  of  the  existing  tracks 
where  the  half  arch  was  left  in  place.  Furthermore,  by  raising  the 
roof  members  to  receive  the  thrust  of  this  half  arch,  these  members 
were  removed  farther  from  the  tops  of  the  cars,  and  the  insertion  of 
a  shield  permitted  the  operation  of  the  trains  over  the  regular  tracks 
without  routing  them  temporarily  over  other  tracks  by  cross-overs.  It 
should  be  remembered,  however,  that  the  design  shown  in  the  contract 
plans  was  based  on  a  similar  design  made  by  the  Commission's  Engi- 
neering Corps  and  carried  out  successfully  by  the  same  contractor  at 
the  168th  Street  and  191st  Street  Subway  Stations.  In  these  cases, 
the  old  tunnel  arch  was  carried  on  new  steel  members  placed  beneath  it, 
and  the  side-wall  supporting  the  arch  was  removed  to  permit  of  the 
introduction  of  new  or  extended  platforms. 

In  referring  to  the  sequence  of  operations  illustrated  in  Fig.  14, 
the  author  does  not  bring  out  the  fact  that,  in  Operation  No.  1, 
namely,  the  driving  of  a  longitudinal  drift  parallel  to  the  existing 
tunnels,  the  elevation  of  the  bottom  of  this  drift  was  fixed  so  that  the 
material  which  took  the  thrust  of  the  arch  would  not  be  removed  until, 
by  Operations  Nos.  2.  3,  and  4,  the  greater  part  of  this  thrust 
had  been  removed.  In  removing  the  material  and  the  tunnel 
arch,  it  was  first  intended  to  do  it  in  alternate  bands,  leaving  the 
intervening  material  in  place.  This,  however,  did  not  prove  very  suc- 
cessful, and  it  was  found  that,  instead  of  removing  the  material  in 
alternate  bands  or  cross-drifts,  it  could  be  removed  in  successive  bands, 
that  is,  the  rock  overlying  the  existing  tunnel  was  removed  in  bands 
ordinarily  not  exceeding  7  ft.  in  width.    The  new  structure,  consisting 
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of  steel  roof  beams  with  concrete  between,  was  then  built  in  this  space  Mr. 
and  the  overlying  material  was  caught  up  on  the  concrete  before  another  " 
band  of  material  was  removed.  In  this  way,  the  subway  trains  were 
never  exposed  for  a  distance  of  more  than  11  ft.,  and  ordinarily  not 
more  than  7  ft.  As  a  rule,  the  rock  spanning  this  space  between  the 
new  structure  and  the  old  arch  required  no  support.  In  the  few  cases 
where  it  was  thought  that  some  of  it  might  fall,  it  was  readily  kept 
in  place  by  temporary  longitudinal  needles  with  one  end  resting  on 
the  completed  structure  and  the  other  on  the  arch  which  had  not  yet 
been  removed. 

In  the  paragraph  headed  "Excavation",  the  speaker  believes  that 
the  author,  in  referring  to  the  portion  of  the  work  in  Park  Avenue 
between  42d  and  40th  Streets,  meant  to  say  "42d  and  41st  Streets", 
because  the  open-cut  work  in  Park  Avenue  extended,  roughly  speaking, 
from  a  point  south  of  42d  Street  to  a  point  somewhat  south  of  41st 
Street.  This  paragraph  gives  the  impression  that  the  south-bound 
local  track  was  the  only  one  where  tunneling  methods  were  used, 
although  the  difficult  work  which  the  speaker  has  just  mentioned  was 
carried  on  by  such  methods  under  Park  Avenue  south  and  north  of 
40th  Street. 

The  very  complete  diagram.  Fig.  1,  shows  the  location  of  the  shaft 
used  to  carry  on  the  express  tunnel  work  on  Park  Avenue  north  and 
south  of  40th  Street.  This  shaft  is  interesting  from  the  fact  that  its 
east  and  west  dimensions  were  limited,  its  westerly  limit  near  the 
surface  of  Park  Avenue  being  determined  by  the  wall  of  the  tunnel 
through  which  the  Park  Avenue  surface  cars  run,  and  near  its  bottom 
its  easterly  limit  was  determined  by  the  wall  of  the  existing  north-bound 
tunnel.  The  excellent  cross-section  of  the  tunnels  under  Park  Avenue, 
Fig.  20,  illustrates  these  limits  very  well. 

On  page  298,  the  author  speaks  of  the  erection  of  the  steel  in  the 
"half  arch  section".  As  the  new  tracks  approached  the  existing  ones, 
the  space  in  which  steel  could  be  handled  became  more  confined  and, 
in  some  parts  of  this  work,  two  hoisting  engines  were  used  to  erect 
this  steel,  one  being  placed  in  the  finished  work  and  the  other  in  the 
drift  marked  "Operation  No.  1"  in  Fig.  14. 

The  author,  in  describing  the  "half  arch  section",  goes  into  con- 
siderable detail  in  a  discussion  of  the  contract  plans,  and  then  shows 
how  these  plans  were  modified  in  carrying  on  the  work.  It  is  to  be 
regretted  that  he  did  not  treat,  in  a  similar  way,  the  construction  of 
the  south-bound  local  and  express  tracks  under  the  present  subway, 
and  the  rebuilding  of  the  present  north-bound  structure,  which  he 
describes  on  pages  304  to  818.  He  gives  the  design,  as  shown  on 
the  contract  plans,  but  does  not  give  drawings  illustrating  the  work 
as  actually  carried  out.  The  difference  in  the  plans,  however,  is  not 
great. 
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Mr.  The  possibility  of  readily  building  what  constitutes  a  plate-girder 

^^'^^'  bridge  to  carry  the  existing  tracks  over  the  new  tracks  passing  beneath 
them  was  realized  in  getting  up  the  contract  plans.  It  was  also  realized 
that  modifications  in  detail  might  be  asked  for  by  the  successful  bidder, 
and  inasmuch  as  it  meant  the  redistribution  of  practically  the  same 
tonnage  of  steel,  it  was  thought  that  the  plans  were  sufficiently  com- 
prehensive to  permit  of  intelligent  bidding. 

On  page  317,  the  author  states  that  when  the  drift  of  the  south- 
bound local  had  passed  the  subway  structure,  it  was  widened  to  the 
full  size  of  the  new  sections.  Figs.  25  and  26  illustrate  this  point, 
and  indicate  that  the  south-bound  local  tunnel  passed  through  a  duct 
manhole  or  splicing  chamber  on  the  west  side  of  the  existing  structure 
near  41st  Street.  The  bottom  of  this  manhole  was  below  the  general 
floor  level  of  the  existing  tunnel,  and  contained  live  power  cables,  and, 
until  these  cables  could  be  removed,  it  was  necessary  to  carry  the 
south-bound  local  tunnel  in  a  bottom  heading.  Figs.  25  and  26  do 
not  show  the  walls  of  the  vault  of  the  Hotel  Belmont,  which  walls 
followed  the  west  curb  of  Park  Avenue  and  the  center  line  of  41st 
Street.  The  southeast  corner  of  this  vault  was  about  at  the  west 
line  of  the  south-bound  tunnel.  As  a  matter  of  fact,  the  brickwork  of 
these  walls  was  uncovered  in  driving  this  tunnel,  but  the  work  was 
carried  by  them  without  damage  to  them  or  to  the  duct  manhole  and 
the  cables  in  it. 

The  speaker  thinks  it  proper  to  make  mention  here  of  the  great 
value  in  this  work  of  the  records  of  the  original  subway  work  done 
in  this  neighborhood.  From  them,  the  Commission's  engineers  were 
able  to  predict  with  considerable  accuracy  what  would  be  encountered 
in  the  way  of  construction  and  of  material  to  be  excavated. 

In  reference  to  Fig.  33,  showing  the  method  of  erecting  the  express 
tunnel  under  Park  Avenue,  it  should  be  pointed  out  that  this 
design  was  well  adapted  to  sectional  construction.  It  is  practically 
the  same  as  that  used  in  the  construction  of  parts  of  the  express  tracks 
beneath  Lexington  Avenue,  which  work  was  described  in  a  paper* 
by  Israel  V.  Werbin,  Assoc.  M.  Am.  Soc.  C.  E.  From  a  theoretical 
viewpoint,  the  question  might  be  asked:  When  half  of  this  structure 
is  built,  what  balances  the  thrust  of  the  arch?  The  speaker's  theory 
with  regard  to  this  is  that  unless  the  rock  is  "heavy",  there  is  little 
or  no  thrust;  but,  in  any  event,  by  building  first  what  the  author 
terms  the  ''umbrella",  the  concrete  engages  with  the  roughness  of 
the  rock  overhead  and  thus  takes  up  what  thrust  there  is,  although 
it  is  possible,  in  using  this  construction,  to  put  in  temporary  struts 
between  the  "umbrella"  and  the  unexcavated  rock  on  the  other  side 
of  the  tunnel  until  such  time  as  the  remaining  arch  is  completed. 

•  "Tunnel  Work  on  Sections  8,  9,  10  and  11,  Broadway-Lexington  Avenue  Sub- 
way, New  York  City,"  Transactions,  Am.  Soc.  C.  E.,  Vol.  LXXXI,  p.  341. 
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It  would  be  improper  if  mention  were  not  made  of  the  use  of  Mr. 
the  small  drill  commonly  known  on  the  work  as  the  "Jap".  In  carrying  ^^'^^' 
the  new  tracks  beneath  the  existing  ones,  the  author  refers  to  sinking 
pits  or  shafts,  or  else  stoping  them  up  from  below,  in  which  to  erect 
various  columns.  In  this  work  and  in  excavating  rock  very  close  to 
the  completed  structure,  these  drills  were  of  very  great  advantage. 
It  is  difficult  to  imagine  that  it  would  have  been  possible  to  do  this  work 
with  the  old  tripod  drill  which  was  in  common  use  about  15  years 
ago  on  the  subway  construction. 

Mr,  Quimby  has  pointed  out  that  the  water-proofing  of  the  Queens- 
borough  Station  arch  beneath  42d  Street  was  omitted,  although  it 
was  shown  on  the  contract  drawings.  An  effort  was  made  to  water- 
proof this  arch  according  to  the  contract  drawings,  but  it  was  finally 
concluded  that  it  was  not  feasible. 

On  pages  286  and  287  the  author  has  described  the  method 
of  excavating  and  placing  the  concrete  for  the  station  arch.  As  there 
described,  this  arch  was  built  generally  in  alternate  bands,  and  had 
it  been  possible  to  obtain  a  water-proofing  compound  which  would 
not  have  emitted  fumes  to  any  great  extent,  it  might  have  been  possible 
to  water-proof,  say,  the  1st,  3d,  5th,  etc.,  bands.  It  might  also  have  been 
possible  to  water-proof  the  haunches  of  the  2d,  4th,  6th,  etc.,  bands ;  but 
the  speaker  has  never  known  of  a  practical  solution  of  the  problem  of 
how  to  water-proof  the  closures.  As  he  sees  the  problem,  it  would  be 
necessary  to  place  the  water-proofing  and  then  build  the  arch  beneath  it. 
Considerable  thought  having  been  given  to  water-proofing  this  arch, 
it  was  decided,  as  the  author  states,  to  omit  it.  However,  the  concrete 
of  the  arch  was  placed  as  close  as  possible  to  the  rock.  Numerous 
grout  pipes  were  placed,  and  whatever  space  remained  between  the 
concrete  and  the  rock  was  filled  with  grout.  Later,  the  surface  of  the 
concrete  was  completely  removed  from  the  soffit  of  the  arch  by  using 
pneumatic  hammers,  and  a  dense  and  well-troweled  coat  of  plaster, 
containing  some  water-proofing  compound,  was  applied.  Since  this 
work  was  done,  a  part  of  the  arch  has  been  removed  in  order  to  per- 
mit the  construction  of  a  passageway  or  ramp  connecting  the  Queens- 
borough  and  Diagonal  Stations.  This  has  permitted  some  water  to 
flow  into  the  Queensborough  Station,  but  this  condition,  of  course, 
has  no  connection  with  the  water-tightness  of  the  Steinway  arch  which, 
considering  all  the  conditions,  is  fairly  tight. 

Clarence  E.  Carpenter,*  Assoc.  M.  Am,  Soc.  C.  E. — The  members       Mr. 
of  this  Society  should  be  congratulated  on  having  presented  to  them    ^'"P'^°  ^'^• 
a  clear  and  concise  description  of  the  work  of  constructing  the  portion 
of  the  Lexington  Avenue  Subway  south  of  the  north  side  of  42d  Street, 
including  the  connection  of  that  subway  with  the  present  one  in  Park 
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Mr.  Avenue,  and  also  the  extension  of  the  Queensborough  Subway  from  a 
point  about  100  ft.  east  of  Lexington  Avenue  to  Vanderbilt  Avenue. 
Many  of  the  members  are  doubtless  familiar  in  a  general  way  with 
the  scope  of  this  work,  but  its  difficulties  and  hazardous  character  can 
only  be  realized  by  examining  the  plans  and  considering  the  conditions 
under  which  it  was  done.  It  may  be  well  to  call  attention  to  the  fact 
that  190S  trains  pass  through  the  subway  every  week  day,  over  the 
portion  which  was  reconstructed  in  Park  Avenue,  carrying  about 
1 000  000  passengers.  The  interval  between  trains  on  each  of  the 
four  tracks  during  the  rush  hours  is  1  min.  48  sec,  and  the  longest 
interval  between  trains  on  the  local  tracks,  which  occurs  for  a  few 
hours  after  midnight,  is  7^  min. 

The  speaker's  position,  as  Engineer  of  Maintenance  of  Way  with 
the  Interborough  Rapid  Transit  Company,  has  made  it  necessary  for 
him  to  follow  the  progress  of  many  of  the  large  sub-surface  construc- 
tion jobs  under  way  in  l^ew  York  City  during  the  past  12  years,  much 
of  this  work  having  been  carried  on  in  close  proximity  to  either  the 
elevated  or  subway  lines.  He  can  say,  without  hesitation,  that  not 
one  of  the  jobs  he  has  seen  has  seemed  to  him  to  be  so  difficult  to 
perform  at  a  reasonable  cost  and  with  safety  to  the  traveling  public 
as  the  one  under  consideration.  The  speaker  does  not  know  what 
the  contractor's  expenditures  are,  but  he  can  state  that  the  work  has 
been  done  safely  and  well.  This  satisfactory  result  was  only  obtained 
by  the  closest  attention  to  details,  the  exercise  of  good  judgment, 
and  the  full  co-operation  of  the  operating  men  of  the  Interborough 
Rapid  Transit  Company. 

The  contractor's  engineers  deserve  credit  for  suggesting  the  "Half 
Arch  Construction",  which,  as  compared  with  the  original  design 
for  that  portion,  made  the  work  much  simpler.  In  the  case  of  the 
express  track  connections,  the  removal  of  only  the  half  of  the  arch 
over  the  old  express  tracks  was  required,  and  on  these  tracks  trains 
are  not  run  between  about  1.00  and  5.30  a.  m. 

The  shield  erected  on  the  interior  of  the  old  tunnel  was  an  ingenious 
design,  and  worked  out  very  well.  The  author  states  that  it  was  not 
designed  to  support  large  masses  of  displaced  concrete.  As  a  matter 
of  fact,  it  was  made  about  as  strong  as  the  space  would  permit.  The 
clearance  between  the  shield  and  the  edge  of  a  car  roof  was  so  small 
that,  as  an  added  precaution,  a  steel  plate  was  mounted  on  the  inside 
of  the  shield,  longitudinally  with  the  tunnel,  in  order  to  present  a 
continuous  smooth  surface  on  which  the  corner  of  the  car  roof  would 
slide  if  a  car  spring  should  break.  The  manner  of  setting  and  anchor- 
ing the  bottom  of  the  steel  angle  ribs  was  also  given  close  attention, 
for,  if  disiDlaced,  they  might  have  come  in  contact  with  the  third 
rail.  Such  an  occurrence  would  cause  a  heavy  ground,  and  possibly 
set  fire  to  the  wooden  shield. 


DISCUSSION   ON   SUBWAY   CONSTRUCTION   PROBLEMS  327 

The  change  of  the  plate-girder  design  to  the  standard  construction  Mr. 
of  the  old  subway,  where  the  new  subway  tracks  cross  under  the  old  '^^'■pe°'er. 
north-bound  tunnel,  facilitated  the  work  very  much.  The  heavy  plate 
girders  designed  for  the  roof  of  the  old  tunnel  were  placed  in  the 
floor  of  that  tunnel,  where  they  could  be  handled,  and  where  they 
are  used  to  support  the  I-beams,  which  were  placed  one  by  one  under 
the  track  as  the  concrete  invert  was  removed.  The  shield  built  around 
the  interior  of  the  old  north-bound  tunnel  at  this  location  differed 
somewhat  from  that  erected  for  the  "half  arch  construction".  Center 
supporting  posts  between  the  tracks  could  not  be  used,  as  they  would 
interfere  with  the  placing  of  the  heavy  girders  previously  referred  to ; 
consequently,  the  horizontal  top  portion  of  the  shield  was  suspended 
by  bolts  from  the  girders  supporting  the  street  decking.  The  top  of 
the  shield  consisted  of  6  by  10-in.  wooden  beams,  placed  in  pairs,  and 
about  6  ft.  from  center  to  center,  on  which  were  laid  two  courses  of 
2-in.  plank.  Each  pair  of  beams  was  supported  by  three  suspender 
bolts,  li  in.  in  diameter,  one  at  each  end  of  the  beam,  and  one  in  the 
center. 

The  author  has  referred  to  the  reconstruction  of  the  floor  of  th'^ 
old  subway  under  the  north-bound  local  track  and  the  temporary 
support  of  that  track  designed  to  permit  of  lowering  the  track  quickly 
to  conform  to  the  grade  required  to  enter  the  new  Grand  Centra; 
Station  of  the  Lexington  Avenue  line  at  the  same  elevation  as  the 
three  other  tracks  at  that  station.  The  speaker  does  not  contemplate 
lowering  the  track,  but  plans  to  divert  the  north-bound  local  trains 
to  the  north-bound  express  track  between  33d  Street  and  the  new 
Grand  Central  Station,  during  the  period  when  express  trains  are  not 
run.  The  local  track  will  then  be  taken  up  and  relaid  to  the  new 
grade,  using  new  rails  which  have  previously  been  curved  to  suit  the 
new  alignment  and  having  the  new  standard  section. 

One  of  the  main  reasons  for  the  success  of  this  work  was  the  method 
of  excavating  only  as  much  as  would  permit  of  the  erection  of  an 
individual  steel  member,  which  was  promptly  placed  in  position  and 
used  to  support  the  load  it  was  designed  to  carry.  This  method 
insured  the  safety  of  the  subway,  and  made  it  unnecessary  to  use 
a  large  quantity  of  timber  falsework. 

Egbert  A.  Shailer,*  M.  Am.  See.  C.  E. — It  is  always  a  great  satis-     Mr. 
faction  to  the  engineer  to  have  the  difficulties  of  the  construction  work    ^*''^'" 
under  his  charge  appreciated.     The  several   members  of  the   Society 
who    have   taken   part    in   the    discussion    have   the   speaker's    sincere 
thanks,  and  to  Mr.  Myers,  especially,  all  are  indebted  for  his  elaboration 
of  the  paper. 

The  contractors  have  had  the  most  hearty  co-operation  from  the 
Public   Service  Engineers,   and  they   deserve  great  credit  for  giving 
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Mr.  lines  and  grades  under  very  trying  conditions,  due  to  subway  trains 
passing  constantly  alongside  and  often  directly  over  them.  The  sur- 
veys were  made  so  accurately  that  there  was  no  difficulty  in  joining 
the  new  steelwork  to  the  steel  previously  erected  by  the  New  York 
Central  Railroad  Company,  on  the  site  of  the  Hotel  Commodore,  nor 
with  the  steelwork  of  the  Queensborough  Elevator  Shaft. 

Mr.  Robert  Ridgway,*  M.  Am.  Soc.  C.  E. — It  is  interesting  to  note  that 

1  Rwaj.  ^j^g  work  described  in  this  paper  was  one  of  the  most  complicated  and 
difficult  of  the  eighty  or  more  sections  of  construction  included  in  the 
new  Dual  System  of  Rapid  Transit  for  New  York  City.  The  estimated 
value  of  the  work  described  by  the  author  is  about  $3  100  000,  the  cost 
of  the  whole  Dual  System  for  construction  being  estimated  at  approxi- 
mately $293  000  000,  and  for  equipment  approximately  $70  000  000. 

Before  the  connection  between  the  present  four-track  subway  oper- 
ating under  Park  Avenue  and  the  new  four-track  subway  under  Lex- 
ington Avenue  was  definitely  located,  careful  studies  of  a  number  of 
other  locations  were  made,  notably  those  at  Union  Square,  at  33d 
Street,  and  at  40th  Street.  Notwithstanding  the  fact  that  the  construc- 
tion and  real-estate  cost  of  the  40th  Street  location  was  estimated  to 
be  less  than  that  for  any  of  the  others,  it  was  more  objectionable  from 
an  operating  standpoint,  largely  on  account  of  the  sharp  reverse  curves 
between  stations.  The  connection  extending  from  Park  Avenue  below 
40th  Street  to  Lexington  Avenue  at  43d  Street  was  finally  selected  as 
being  the  best,  all  things  considered.  It  has  become  locally  known  as 
the  "Diagonal  Connection"  because  it  crosses  diagonally  the  site  of  the 
old  Grand  Union  Hotel  south  of  42d  Street  and  the  New  York  Central 
Railroad  property  north  of  that  street.  The  new  Grand  Central  sub- 
way station  is  on  this  diagonal  line.  The  curves  into  Park  and  Lex- 
ington Avenues  are  placed,  with  reference  to  the  station,  so  that  the 
trains  are  either  slowing  down  for  the  stop  or  gathering  headway,  and 
therefore  no  reduction  of  speed  is  required  on  account  of  these  curves. 
The  construction  of  the  connection  between  the  old  and  new  sub- 
ways was  made  extremely  difficult  by  the  necessity  of  maintaining  the 
constant  operation  of  trains  on  perhaps  the  most  intensively  operated 
railroad  in  the  world.  In  rush  hours  a  train  passes  on  one  of  the  four 
tracks  every  30  sec,  and  the  interval  between  the  ten-car  express  trains 
at  that  time  is  1  min.  and  48  sec.  The  subway  now  carries  about 
1  400  000  passengers  daily,  of  whom  probably  1  000  000  pass  the  work 
described  in  the  paper.  The  head-room  over  the  trains  is  limited,  and 
there  is  little  side  clearance.  For  these  and  other  reasons  the  work  had 
to  be  carried  on  outside  of  the  present  structure.  It  was  necessary, 
however,  to  occupy  the  tracks  for  certain  operations,  such  as  the  placing 
of  the  columns  and  girders  which  are  inside  of  the  old  subway  struc- 
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ture.     This   work   was   done   in   the   early   morning   hours,   when   the      Mr. 
express  trains  were  not  running,  and  the  local  trains  were  operated  on  a  ^'^S'^s^y- 
7-niin.  headway,  as  stated  by  the  author. 

The  two  north-bound  tracks  of  the  old  structure,  where  the  new 
work  passes  under  it,  were  originally  in  a  concrete-lined  tunnel.  This 
tunnel  has  been  changed  into  a  steel  bridge,  without  interrupting  train 
operation.  In  a  number  of  instances  the  columns  supporting  the  new 
tracks  were  set  in  shafts  excavated  in  the  rock,  some  of  these  shafts 
being  stoped  up  from  the  new  tunnel  below.  The  difficulties  are  little 
realized  except  by  those  who  have  an  intimate  knowledge  of  the  work. 
Certainly,  the  million  passengers  who  were  carried  safely  every  day 
had  little  conception  of  what  was  going  on  about  them.  There  is  an  old 
saying  that  accidents  do  not  occur  where  they  are  expected;  that  is, 
because  the  dangers  are  realized  and  measures  are  taken  to  guard 
against  them.  That  there  was  no  accident  of  a  serious  nature  indicates 
an  intelligent  understanding  of  the  problems  involved,  and  it  speaks 
well  for  the  careful  attention  to  the  details  of  the  work  by  the  engi- 
neers and  contractors,  and  for  the  methods  which  they  devised  and 
followed.  Much  credit  is  due  to  the  contractor's  organization  under 
the  direction  of  Robert  A.  Shailer,  M.  Am.  Soc.  C.  E.,  Tunnel  Engi- 
neer for  the  Rapid  Transit  Subway  Construction  Company,  and  partic- 
ular mention  should  be  made  of  Mr.  Perrine,  the  author  of  this  paper, 
and  of  the  General  Superintendent,  Thomas  McCormick,  who  in- 
augurated and  worked  out  many  of  the  ingenious  methods  which  were 
used  so  successfully  in  the  work.  The  speaker  would  also  add  a  word 
of  appreciation  of  the  services  of  the  men  who  designed  the  work,  of 
the  Division  Engineer  in  charge  for  the  Public  Service  Commission, 
John  H.  Myers,  Assoc.  M.  Am.  Soc.  C.  E.,  and  of  his  two  assistant  engi- 
neers, Mr.  Stephen  Schmidt  and  Melville  S.  Miller,  Assoc.  M.  Am. 
Soc.  C.  E.,  who  deserve  the  highest  commendation.  The  fact  that  the 
work  has  been  successfully  carried  to  its  present  state  of  practical 
completion  and  that  everything  has  come  together  so  well  indicates, 
not  only  the  watchfulness  and  ability  of  the  field  engineers  and  con- 
tractors, but  the  excellent  co-operation  between  them.  Of  course, 
honest  diiferences  of  opinion  occurred,  and  there  were  many  discus- 
sions as  to  whether  a  detail  of  the  work  should  be  done  in  this  way  or 
in  that  way,  but  there  was  good  team  work,  and  the  speaker  believes 
the  engineers  and  contractors  have  a  wholesome  respect  for  each  other. 
In  fact,  without  this  team  work  he  is  sure  the  results  would  have  been 
far  less  satisfactory. 

Many  will  remember  the  tragic  history  connected  with  the  construc- 
tion of  the  present  Park  Avenue  subway  tunnels.  There  was  an 
explosion  of  a  magazine  in  front  of  the  Murray  Hill  Hotel  in  1902, 
which  caused  much  loss  of  life  and  damage  to  property.     Following 


330  DISCUSSION"   ox   SUBWAY   CONSTRUCTIO^r   PROBLEMS 

Mr.  this  a  rock  slide  occurred  in  the  easterly  one  of  the  two  tunnels,  which 
M  gway.  (,jjj,j.jg(j  with  it  the  fronts  of  several  buildings  on  the  east  side  of  Park 
Avenue  between  37th  and  38th  Streets,  and,  later,  the  contractor,  the 
late  Ira  A.  Shaler,  M.  Am.  Soc.  C.  E.,  was  mortally  injured  by  a  fall  of 
rock  from  the  roof  of  one  of  the  tunnels,  an  accident  which  terminated 
the  promising  career  of  an  able  engineer  who  had  accomplished  great 
things. 

When  demolishing  an  old  structure,  it  is  always  a  satisfaction 
to  find  that  it  was  honestly  built,  and  this  may  be  said  of  the  con- 
crete lining  of  the  Park  Avenue  tunnels  previously  mentioned,  which 
was  cut  out  in  connection  with  the  new  construction.  In  order  to  test 
its  strength,  two  samples  were  cut  out  and  sawed  into  6-in.  cubes.  In 
taking  the  samples,  an  attempt  was  made  to  select  concrete  which  ap- 
peared to  be  of  a  quality  not  as  good  as  the  average  in  the  structure. 
When  these  samples  were  tested,  one  developed  a  compressive  strength 
of  3  940  lb.  per  sq.  in.,  the  other  did  not  break  at  the  capacity  of  the 
machine,  equivalent  to  about  4  250  lb.  per  sq.  in.  This  concrete  was 
about  13  years  old.  The  timber  which  was  used  in  temporarily  sup- 
porting the  rock  in  the  old  tunnels,  and  which  was  then  built  into  the 
concrete,  was  very  sound,  and  some  of  it  was  used  in  the  new  con- 
struction for  temporary  blocking. 

The  author  mentioned  the  fact  that  the  lattice  girders  taken  from 
the  Second  Avenue  Elevated  Railroad  in  connection  with  the  third- 
tracking  of  that  structure  were  used  for  temporarily,  supporting  the 
street  decking.  It  is  interesting  to  note  that  these  girders  had  been  in 
use  in  the  elevated  structure  for  more  than  35  years,  and  were  in  good 
enough  condition  to  carry  the  new  burden  placed  on  them.  In  view 
of  the  present  difficulty  of  getting  new  steel,  it  is  likely  that  further 
use  will  be  found  for  them. 
Mr.^  Henry  H.  Quimby,*  M.  Am.  Soc.  C.  E. — Although  this  paper  makes 

its  special  appeal  to  the  contracting  and  field  branches  of  the  Profession, 
it  is  of  very  great  interest  to  the  designing  engineer  also,  for  a  knowl- 
edge of  the  latest  and  most  scientific  methods  of  construction  is 
necessary  to  the  making  of  intelligent,  feasible,  and  successful  plans. 

All  who  had  the  privilege  of  visiting  the  work  during  its  progress 
were  much  impressed  with  the  serious  character  of  the  contractor's 
task,  and  the  ingenuity  with  which  the  construction  problems  were 
solved.  The  work  looked  ticklish,  and  evidently  required  much  more 
than  ordinary  care,  in  order  to  avoid  disaster.  The  visitor  could 
not  fail  to  appreciate,  also,  the  ingenuity  of  the  designers  of  the  struc- 
ture— both  as  a  whole  and  in  detail — with  its  successful  solution  of 
the  perplexing  questions  imposed  by  the  routing  plans  of  the  new 
transit  lines;    thus  the  work   is   a   remarkable   achievement,   both   on 
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the  part  of  the  engineers  of  the  Public  Service  Commission  and  on      Mr. 
the  part  of  the  contractor's  engineers.  Quimby. 

A  noticeable  feature  of  the  paper  is  the  evidence  it  contains  of  the 
cordial  spirit  of  co-operation  that  prevailed  between  the  contractor 
and  the  administrators  of  the  contract.  The  fact  is  shown  also  in 
Mr.  Myers'  contribution  to  the  subject,  and  is  emphasized  in  Mr. 
Ridgway's  discussion;  all  of  which  confirms  the  theory  that  the  owner's 
engineer  should  regard  the  contractor,  not  as  an  enemy  to  be  con- 
tended against,  but  as  an  associate  to  be  co-operated  with,  for  both 
desire  the  same  thing — a  first-class  job,  with  safe  and  speedy  com- 
pletion. 

The  opportunity  afforded  by  the  demolition  of  an  old  engineering 
structure  to  learn  something  of  the  real  results  of  construction  methods 
is  always  appreciated,  and,  in  the  case  of  the  old  tunnel  in  Park 
Avenue,  it  was  gratifying  to  see  both  the  evidence  of  thoroughness 
in  the  efforts  of  its  builders,  and  the  fact  of  the  complete  success 
of  the  grouting  operation — more  gratifying  than  the  revelations  of 
demolition  sometimes  are. 

The  paper  states  that  the  contract  provided  for  water-proofing  above- 
the  arch  over  the  station,  but,  after  excavation  had  advanced,  it  was 
decided  to  omit  it,  and  the  arch  was  grouted  and  water-proofed  inside. 
Apparently,  the  substituted  method  was  not  entirely  successful,  for 
work  that  has  been  going  on  there  in  cutting  grooves,  embedding 
drainage  pipes,  and  plastering,  seems  to  have  been  stopped,  although 
there  is  still  considerable  leakage.  What  method  of  water-proofing 
above  the  arch  was  contemplated  in  the  contract,  and  why  was  it 
abandoned;    and    is    still    another    effort   to    be    made    to    reduce    the 


seepage 


C.  y.  V.  Powers,*  M.  Am.  Soc.  C.  E. — In  regard  to  Mr.  Quimby's      Mr. 
question  concerning  the  change  in  plan  by  which  the  water-proofing    °"^''*- 
(six-ply  fabric  laid  in  hot  coal-tar  pitch)  to  be  applied  to  the  extrados 
of  the  arch  was  omitted,  it  appears  to  the  speaker  that  the  answer  is 
very  simple — it  was  not  feasible  to  put  in  such  water-proofing. 

In  1901  or  1902,  in  the  early  days  of  the  construction  of  the  first 
New  York  Subway,  a  short  section  of  tunnel  arch  was  water-proofed 
with  three-ply  felt  laid  in  hot  asphalt,  which  experiment  came  directly 
under  the  speaker's  observation.  This  trial  section  was  on  Broadway 
near  ISTth  Street,  at,  and  for  a  few  feet  north  of,  the  south  portal  of 
the  "Fort  George  Tunnel",  the  subway  being  a  two-track  structure. 
According  to  the  plans,  the  concrete  of  the  side-walls  and  of  the  arch 
for  a  height  of  18  in.  above  the  springing  line  was  carried  solid  to 
rock;  above  that  point  the  space  between  the  extrados  of  the  arch 
and  the  rock  was  to  be  filled  with  dry  stone  packing. 

*  New  York  City. 
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Mr.  The  centers  being  set  for  concreting;  a  section  of  arch,  about  24 

■  ft.  long,  the  concrete  of  the  arch  itself  was  carried  up  for  a  height  of 
about  2^  or  3  ft.  on  each  side  and  for  the  full  length  of  the  section 
under  construction,  using  back-forms  to  conform  to  the  extrados  of 
the  arch.  Work  was  then  discontinued  long  enough  to  allow  this 
concrete  to  set  sufficiently  to  permit  the  back-forms  to  be  removed. 
The  surface,  where  necessary,  was  then  smoothed  over  with  cement 
mortar,  which  was  allowed  to  dry.  After  this  the  water-proofers  took 
their  turn,  laying  the  3-ply  water-proofing  in  hot  asphalt  on  the  portion 
of  the  arch  just  concreted,  and  for  the  length  of  the  24-ft.  section, 
leaving  also  loose  laps — about  8  to  12  in.  in  width — to  be  carried 
under  the  next  lift  of  water-proofing.  Incidentally,  it  was  difficult 
to  protect  these  laps  from  injury  by  the  men  working  over  them  on 
the  subsequent  operations. 

The  back-forms  were  then  set  up  again  so  as  to  provide  for  the 
3  or  4  in.  of  "protective"  concrete  to  be  placed  over  the  water-proofing, 
and,  therefore,  another  delay  occurred  while  this  concrete  was  setting 
and  becoming  hard  enough  to  resist  damage  during  the  placing  of  the 
stone  packing.  After  this  the  stone  packing  was  placed  carefully  by 
hand  and  carried  as  high  as  possible. 

The  foregoing  operation  was  repeated  again  and  again,  carrying 
the  concrete,  water-proofing,  etc.,  up  step  by  step  in  heights  of  some 
2^  to  3  ft.,  until  the  arch  was  completed.  The  height  of  each  individual 
operation  varied  according  to  the  room  available  for  the  men  laying 
the  dry  packing  to  work  in,  but  it  is  the  speaker's  recollection  that, 
at  the  greatest,  it  would  not  average  more  than  3  ft. 

As  there  was  an  open  portal  at  one  end  of  the  24-ft.  section,  and 
the  arch  had  not  yet  been  constructed  at  the  other  end,  it  was  possible, 
though  difficult,  to  water-proof  the  key  of  the  arch.  If  both  ends 
had  been  closed,  the  speaker  knows  of  no  way  in  which  the  arch 
could  have  been  completely  water-proofed. 

The  whole  operation  of  concreting  and  water-proofing  this  24-ft. 
section  of  arch,  from  an  elevation  18  in.  above  the  springing  line, 
took — to  the  best  of  the  speaker's  recollection — almost  exactly  1 
month  (due  to  the  necessary  delays  mentioned  and  the  difficulty  of 
working  in  cramped  quarters),  and  the  operations  were  carried  on 
under  conditions  much  more  favorable  than  the  average,  owing  to 
the  fact  that  the  section  under  construction  was  at  a  tunnel  portal, 
where  there  was  more  room  to  work  and  where,  especially,  there  was  a 
good  supply  of  fresh  air  to  diminish  the  danger  from  the  suffocating 
fumes  of  the  hot  asphalt. 

The  final  decision  was  very  quickly  reached,  namely,  that  the 
result  obtained  was  in  no  way  commensurate  with  the  great  expense 
in  time  and  money,  and,  further,  that  it  was  not  feasible  for  men  to 
work    in    a    tunnel    on    the    water-proofing    of    an    arch,    using    hot 
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asphalt  or  coal-tar  pitch.     The  speaker  has  been  unable  to  find  the      jir. 
detailed  figures  relative  to  the  cost  in  time  and  money  of  doing  this  p*^^^''*- 
piece  of  work,  but  it  was  very  high  and  was  considered  prohibitive. 
The  experiment  was  not  tried  again  on  subway  work,  as  far  as  the 
speaker  knows. 

It  is  believed  that  an  informal  attempt,  on  a  small  scale,  was  made 
to  water-proof  a  portion  of  a  tunnel  arch,  using  felt  or  fabric  and 
a  cold  water-proofing  compound,  but  this  did  not  give  satisfactory 
results.  The  water-proofing  compound,  to  be  satisfactory,  must  not  only 
be  liquid  when  cold,  but  must  harden  quickly  on  application  and 
still  possess  ductility  and  elasticity  to  a  considerable  degree.  The 
speaker  does  not  know  of  a  satisfactory  water-proofing  compound  of 
this  nature,  and  if  there  is  such,  its  use  would  remove  only  one  of 
the  objections  to  the  water-proofing  of  tunnel  arches. 

The  speaker  has  had  some  experience  in  endeavoring  to  prevent 
leakage  through  tunnel  arches  by  applying  a  finish  on  the  inside  face. 
Something  can  frequently  be  accomplished  in  that  way,  but  the  good 
results  are  largely  due  to  a  liberal  application  of  "elbow  grease"  in 
troweling  the  surface.  It  would  be  far  better  to  apply  the  same  amount 
of  energy  on  the  extrados  of  the  arch,  making  the  concrete  on  that 
surface  as  dense  as  possible. 
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Synopsis. 

This  paper  presents  the  results  of  256  experiments  which  were  per- 
formed in  a  flume  at  the  Argo  Dam,  Aim  Arhor,  Mich.,  during 
October-December,  1914. 

The  experiments  were  made  on  34  diiierent  models  of  bridge  piers, 
in  order  to  determine  the  relative  obstruction  to  the  flow  of  water 
oft'ered  by  piers  of  different  designs. 

The  method  of  conducting  the  experiments  is  described,  and  the 
existing  theories  for  this  phenomenon  are  reviewed;  however,  in  order 
to  show  the  relative  efiiciencies  of  these  piers,  it  was  found  necessary 
to  discard  these  theories.  The  paper  presents  a  unique  and  simple 
formula  which  can  be  applied  to  this  problem,  making  possible  the 
comparison  of  the  different  piers  by  the  magnitude  of  their  coefficients 
in  this  formula. 

Tables  I  to  Vllf  contain  all  the  experimental  data,  good  and  bad. 


*  Presented  at  the  meeting  of  September  5th,  1917. 

t  Tables   I   to  VII    are  not   printed   with   the  paper,   but   have   been   filed   in   the 
Engineering  Societies  Library,  where  they  may  be  consulted  by  any  one  interested. 
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Fig.  1. — Bolton's  FLtrME. 


Fig.  2. — Bolton's  Flume. 
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The  Problem. 

It  is  a  well-known  fact  that  the  cross-sectional  area  of  a  stream  of 
water  cannot  be  either  diminished  or  increased  without  causing  energy 
losses,  and  hence  losses  in  head,  in  the  stream  itself. 

It  follows,  therefore,  that  when  a  bridge  pier  is  constructed  in  a 
given  stream  section,  such  losses  of  head  will  be  observed.  For,  at  the 
nose  of  the  pier,  the  stream  is  contracted  in  width,  and,  at  the  tail  of 
the  pier,  it  is  suddenly  enlarged  to  its  original  width. 

Static  head  must  first  be  available  to  accomplish  the  necessary  in- 
crease in  velocity  demanded  by  the  decrease  in  the  stream  section  at  the 
nose  of  the  pier.  Hence,  there  is  observed  the  common  phenomenon  of 
"back-water",  or  the  increase  in  the  elevation  of  the  water  surface  at 
the  nose  of  the  pier.  It  is  also  a  well-known  fact  that  all  the  static 
head,  transformed  into  velocity  head  as  the  section  converges,  cannot 
be  regained  as  the  water  diverges  into  the  section  of  normal  width  at 
the  tail  of  the  pier.  A  loss  of  energy  is  thus  suffered  by  the  stream,  in 
passing  the  bridge  pier. 

The  losses,  for  convenience  of  these  tests,  are  classified  as  follows: 

(1)  Losses  which  may  be  attributed  to  the  change  in  section: 
These  are  made  up  of  both  surface  and  submerged  losses, 
which  are  revealed  by  the  turbulence  and  eddies  at  the  nose 
and  tail  of  the  pier. 

(2)  Losses  due  to  the  friction  of  the  water  as  it  passes  the  wetted 
pier  surface:  These  are  relatively  small  when  compared  with 
those  due  to  the  change  in  section;  they  are  so  small,  in  fact, 
that,  in  most  computations,  they  may  be  neglected. 

It  is  at  once  apparent,  on  inspection  of  Fig.  8,  that  the  shape  of 
the  nose  and  tail  of  the  pier  will  have  an  appreciable  effect  on  the 
magnitude  of  these  losses.  The  pier,  which  will  deflect  the  water  at 
the  nose,  tangent  to  the  sides  of  the  pier,  thus  reducing  to  a  minimum 
any  further  contraction  of  the  stream  section,  should  be  most  efficient 
at  the  up-stream  end;  and  the  pier  with  a  tail  which  follows  the 
diverging  stream  lines  most  closely,  reducing  the  volume  of  the  eddying 
water  to  a  minimum,  should  be  most  efficient  at  the  down-stream  end. 

Experimental  data  on  the  obstruction  of  bridge  piers  to  the  flow 
of  water  are  exceedingly  scarce;  so  scarce,  in  fact,  that,  in  the  case 
of  the  New  York,  Lackawanna  and  Western  Railway  vs.  the  l^ew  York, 
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Lake  Erie  and  Western  Railway,*  engineers  varied  in  their  computa- 
tions of  the  back-water  caused  by  the  proposed  bridge  piers  of  the 
Lackawanna  Railroad  in  the  Chemung  River,  by  values  ranging  from 
0.568  to  4.3  ft.  Although  it  is  true  that  part  of  this  discrepancy  was 
due  to  the  different  values  of  flood  discharge  assumed  by  the  different 
engineers,  yet  most  of  it  is  attributable  to  uncertainty  as  to  existing 
bridge  pier  formulas.  The  back-water  caused  by  the  proposed  piers 
was  of  prime  importance  in  deciding  this  case,  because  the  piers  and 
embankments  of  the  Lackawanna  Railroad,  in  crossing  the  Chemung 
fiats,  might  raise  the  water  of  the  Chemung  River  above  the  grade  of 
the  Erie  tracks  in  flood  stages  of  the  stream. 

Purpose  of  the  Tests. 
The  purpose  of  these  experiments  was  to  determine  the  relative 
obstruction  which  different  designs  of  bridge  piers  offer  to  the  flow  of 
water.  This  involved  the  derivation  of  an  adequate  formula,  with 
reliable  coefficients,  which  would  give  the  amount  of  back-water  caused 
by  the  insertion  of  a  pier  in  the  cross-section  of  the  experimental  flume. 

Description  of  the  Flume. 

The  tests  were  made  in  a  flume  constructed  at  the  Argo  Spillway, 
Ann  Arbor,  Mich.  A  head  of  13  ft.  of  water  was  available  for  the 
experiments.  This  flume  was  constructed  by  Frank  L.  Bolton,  Jun. 
Am.  Soc.  C.  E.,  and  was  used  by  him  in  making  extensive  experiments 
on  the  efficiency  of  trash  racks  of  different  designs. 

Figs.  1  and  2  are  reproduced  from  photographs  of  the  flume  taken 
in  October,  1914.    Fig.  3  is  a  plan  and  section  of  the  flume. 

The  sides  of  the  flume  were  made  of  2-in.  matched  yellow  pine;  the 
flume  averaged  2.138  ft.  in  width,  and  could  carry  a  depth  of  water  of 
4  ft.  The  quantity  of  water  entering  the  flume  was  regulated  by 
lowering  or  raising  the  flood-gate  in  the  spillway.  As  the  water  en- 
tered the  flume  at  a  very  high  velocity,  it  was  first  necessary  to  lower 
this  velocity  and  distribute  the  varying  velocities  uniformly  over  the 
entire  section  of  the  flume.  This  was  accomplished  by  a  set  of  baffles, 
shown  on  Fig.  Z,  as  Baffles  No.  2.  Each  set  of  baffles  consisted  of  a  set 
of  vertical  bars  and  a  set  of  horizontal  bars  about  5  in.  apart,  Fig. 
4  shows  that  an  excellent  distribution  of  velocity  was  obtained,  in  this 

•  "On  the  Determination  of  the  Flood  Discharge  of  Rivers  and  of  the  Backwater 
Caused  by  Contractions",  by  William  R.  Button,  M.  Am.  Soc.  C.  E.,  Tra7isactions,  Am. 
Soc.  C.  E.,  Vol.  XI  (1882),  p.  211. 
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manner,  at  a  section  15  ft.  below  the  baffles  and  6  ft.  above  the  testing 
section. 

The  depth  of  water  in  the  flume  was  controlled  by  vertical  stop- 
boards  just  above  the  second  set  of  baffles. 

The  second  set  of  baffles,  shown  on  Fig.  3  as  Baffles  No.  1,  was  a 
duplicate  of  the  first.  These  were  introduced  into  the  flume  in  order 
to  secure  a  uniform  distribution  of  velocity  in  the  channel  approach- 
ing the  weir. 

The  weir  was  at  the  end  of  the  flume,  with  its  crest  2.01  ft.  above 
the  bottom  of  the  channel  of  approach.  The  sharp  crest  was  a  3  by 
^-in.  bar  of  cold-rolled  steel.  The  sides  of  the  flume  extended  4  ft. 
beyond  the  weir  crest,  in  order  that  there  should  be  no  expansion  of 
the  nappe  after  leaving  the  crest.  As  is  shown  by  Fig.  3,  care  was 
taken  to  build  the  bottom  of  the  flume 
above  maximum  tail-water  elevation,  in 
order  that  it  might  be  at  all  times  apparent 
that  the  leakage  from  the  flume  was 
normal. 

The  hook-gauges  used  for  all  measure- 
ments of  head  are  sho\^^l  in  Fig.  5.  They 
were  standard  Gurley  gauges,  and  meas- 
ured the  water  surface  elevation  in  the 
12-qt.  pails  shown  below  the  gauges.  These 
pails  served  as  stilling  boxes,  and  were 
connected  to  their  respective  sections  of 
the  flume  by  |-in.  rubber  hose.  All  three 
gauges  were  placed  in  a  small  shelter 
house,  and  could  be  read  by  a  single  ob- 
server. 


VELOCITY  DISTRIBUTION 
IN  FLUME 


Fig.  4. 


Description  of  Bridge  Pier  Models. 


The  different  shapes  of  piers  with  which  experiments  were  made 
are  shown  in  Fig.  8.  They  will  hereafter  be  spoken  of  as  designated 
on  the  plate:  "4 "-square  end;  "jB"-half -round ;  "C"-90°  point;  "D"-4:5° 
point;  "^'"-thick  double-curved  point;  "i^"-single-curved  point  (con- 
vex) ;  "(r"-thin  double-curved  point.  In  such  notation  as  AA,  BC ,  GD, 
etc.,  the  first  letter  indicates  the  form  of  nose,  and  the  last  letter  the 
form  of  tail  used  in  the  experiment. 


Fig.  5. — Hook-Gauges. 


Fig.  6. — Pier  Models. 


Fig.  7. — Pier  Models. 
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The  models  were  of  planed  white  pine.  Each  was  36  in.  deep  and 
6  in.  wide,  although  the  gross  length  varied  somewhat,  according  to 
the  different  designs.  A  center  section  18  in.  long  was  used  for  all 
piers;  to  this  was  attached  the  different  forms  of  ends,  in  changing  the 
design.  Figs.  G  and  7  show  the  pier  models,  how  the  piers  were  con- 
structed, and  the  simple  manner  of  attaching  the  ends  to  the  center 
section. 

A  given  design  of  bridge  pier  having  been  assembled;  the  pier  was 
placed  in  the  center  of  the  flume  at  the  point  shown  on  Fig.  3.  The 
pier  was  firmly  clamped  in  place  by  two  wooden  clamps  which  spanned 
the  flume  above  the  water  surface.  The  ^-in.  rods,  which  fastened  the 
ends  to  the  body  of  the  pier,  projected  at  both  the  bottom  and  the  top  of 
the  model;  at  the  bottom  into  a  bushing  in  the  floor  of  the  flume;  and 
at  the  top,  through  the  clamp.  This  insured  the  testing  of  every  pier 
model  in  exactly  the  same  position,  and  prevented  any  vibration  of 
the  models  during  the  test. 

Method  of  Experimentation. 

Gauge  No.  1  was  attached  to  a  point  3  ft.  above  the  nose  of  the  pier. 
At  this  point  a  |-in.  hole  was  bored  in  the  side  of  the  flume,  about  2 
in.  above  the  floor.  A  standard  hose  connection  was  fitted  into  this 
hole,  so  that  it  was  flush  with  the  sides  of  the  flume.  The  elevation  of 
the  water  surface  was  transmitted  from  this  point  to  the  stilling  pail 
by  a  |-in.  hose.  Thus  this  gauge  measured  the  static  head,  and  also 
the  depth  of  the  water  above  the  bridge  pier  models. 

Gauge  No.  2  was  attached  at  a  section  8  ft.  below  the  tail  of  the 
models,  in  the  same  manner  as  Gauge  No.  1.  This  gauge  then  meas- 
ured the  static  head  and  depth  of  water  at  a  distance  below  the  pier 
which  would  always  be  farther  down  stream  than  the  "standing  wave." 

In  like  manner  Gauge  No.  3  was  attached  at  a  point  10  ft.  7^  in. 
up  stream  from  the  weir  crest.  This  distance  is  in  the  same  ratio  to 
16.4  ft.  (the  distance  above  the  weir  used  by  Bazin),  as  the  height  of 
the  writers'  weir  is  to  the  height  of  the  Bazin  weir.  In  any  case,  the 
surface  curve  is  so  flat  at  this  distance  from  the  weir  that  the  differ- 
ence in  discharge,  from  results  which  might  have  been  obtained  were 
it  possible  to  measure  the  head  farther  up  stream,  is  of  negligible  con- 
sideration in  these  tests. 

The  oscillations  of  the  water  surface  in  the  flume  were  rendered 
very  much  less  prominent  by  the  rubber  hose  connection  to  the  stilling 
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wells.  The  water  surface  could  easily  be  read  to  0.001  ft.  with  the 
hook-gauges,  and  in  many  experiments  to  0.0005  ft. 

The  arithmetical  mean  of  ten  observations  at  a  given  velocity  and 
depth  of  flow  was  used  as  the  measured  head  for  that  experiment.  The 
variation  in  these  ten  readings  was  remarkably  small  in  all  the  runs. 
An  average  set  of  ten  such  observations  is  given  in  Table  1  as  it 
appears  in  the  field  notes  for  Pier  BB.  The  three  gauges  were  read  in 
rapid  succession  by  a  single  observer,  first  No.  1,  then  No.  2,  then 
No.  3. 

From  the  ten  gauge  readings  all  information  necessary  for  the  com- 
putation of  the  experiments  was  obtained.  The  reading  of  Gauge 
No.  3  made  possible  the  calculation  of  the  discharge,  as  measured  by 
the  Bazin  weir;  from  the  reading  of  Gauge  No.  2  the  depth  and 
velocity  of  the  water  at  a  section  down  stream  from  the  pier  could  be 
obtained;  and  from  the  reading  of  Gauge  No.  3  the  depth  and  velocity 
of  the  water  up  stream  from  the  pier  could  be  computed;  and  from 
the  readings  of  Gauges  Nos.  1  and  2  combined,  the  back-water  caused 
by  the  pier  could  be  ascertained. 

TABLE  1. — Average  Set  of  Ten  Observations. 


Experiment. 

Readings  of  Gauges,  in 

Feet. 

Gauge  No.  1. 

Gauge  No.  2. 

Gauge  No.  3. 

BB.b 

0.871 

0.833 

0.395 

9.13  a.  M. 

0.872 

0.830 

0.396 

0.870 

0.829 

0.395 

0.870 

0.831 

0.396 

0.878 

0.833 

0.397 

0.873 

fl.832 

0.398 

0.873 

0.833 

0.397 

0.873 

0.833 

0.393 

0.870 

0.829 

0..S97 

0.870 

0.828 

6.396 

Mean. 

0.8715 

0.8311 

0.3960 

The  elevations  in  Table  I*  were  computed  from  levels  run  by  Mr. 
Bolton,  and  re-checked  by  him  after  the  gauges  had  been  in  place  for 
several  months. 

In  general,  seven  experiments  were  made  on  each  pier,  at  a  con- 
stant depth  of  water,  varying  the  velocities  in  the  flume  from  1  to  4  ft. 

♦  Tables  I  to  VII  are  filed  in  the  Library  of  the  Society. 
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per  sec.  In  addition  to  this,  on  Piers  AA,  BD,  and  DB,  the  depth  of 
the  water  was  varied  for  constant  velocities.  The  different  experi- 
ments on  a  single  pier  are  designated  in  Tables  I  to  VII  by  the  num- 
bers, 1,  2,  3,  etc. 

Computations. 

The  discharge  for  a  given  run  was  read  from  the  curves  on  Fig.  9. 
The  upper  curve  gives  the  discharge  of  the  weir  as  determined  by 
Bazin's  formula  for  a  weir  with  a  crest  2  ft.  above  the  bottom  of  the 
approach  channel.  The  lower  curve  was  computed  from  the  uppef 
curve,  by  increasing  the  discharge  1%  in  order  to  compensate  for  the 
leakage  of  the  flume  between  the  weir  and  the  bridge  piers;  thus,  it 
gives  the  discharge  at  the  bridge  pier  section. 

2.2 

2.1 
2.0 
1.9 

fa 
~  1.6 

I  1.5 

I  1.3 

1.1 

1.0 

0.9 

0.8 

6      7       S      9      10     11     12     13     11     15     16     17     18     19    20     21     22    23    21    25    26 

Weir  Discharge,  in  Second-Feet. 

Fig.  9. 

The  foregoing  leakage  correction  was  determined  jointly  with  Mr. 
Bolton,  by  catching  the  leakage,  in  a  definite  period  of  time,  from 
several  of  the  3-ft.  sections  of  the  flume.  This  was  also  checked  by 
measurements  with  a  small  Ott  current  meter  at  the  pier  section,  and 
also  just  above  the  weir. 

The  width  of  the  weir  crest,  and  also  the  average  width  of  the 
flume  above  it  was  2.156  ft.  The  mean  width  of  the  flume  at  Gauges 
Nos.  1  and  2  was  2.138  ft. 
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Due  to  the  limitations  in  the  accuracy  of  the  weir  formulas,  and 
also  the  fact  that  the  experiments  with  the  higher  velocities  gave  heads 
as  high  as  2.1  ft.  on  the  weir,  it  has  heen  concluded  that  the  absolute 
error  in  these  tests  may  be  as  great  as  3%,  and  the  relative  error  as 
great  as  2  per  cent. 


Velocity,  in  Feet  per  Second. 
Fig.   10. 

In  all  computations  the  pure  friction  losses  of  the  pier  models  were 
neglected.  This  seemed  to  be  permissible,  as  this  loss  amounts  to  less 
than  0.001  ft.  for  the  highest  velocity  recorded  in  these  tests.     It  was 
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thus  possible  to  make  comparisons  between  piers  differing  in  gross 
length  due  to  changing  the  form  of  the  nose  or  tail. 

Mr.  Bolton  determined  the  friction  losses  of  the  flume  itself,  between 
Gauges  Nos.  1  and  2,  by  a  series  of  thirty-three  experiments  at  dif- 
ferent velocities  and  depths,  with  no  obstruction  in  the  flume.     The 
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Down-Stream  Velocity,  in  Feet  pei-  Second 
Pig.  11. 

pure  loss  due  to  friction  was  then  computed  by  applying  the  principle 
of  Bernouilli.  The  results  were  plotted  as  shown  on  Fig.  10.  The 
mathematical  mean  line  was  determined  for  these  points,  and  the  equa- 
tion of  this  line  was  found  to  be  H  =  0.067  F^•*^^ 

After  very  careful  study,  it  was  found  that  the  variation  of  the 
depth  of  the  water  in  the  flume,  within  the  range  of  the  experiments 
performed,  seemed  to  produce  so  little  variation  in  the  value  of  the 
friction  loss,  that  this  loss  in  the  flume  for  the  varying  velocities  was 
read   from   the  mathematical   mean   line,   regardless   of  the   depth   of 
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water  in  the  flume.  The  close  proximity  of  this  line  to  that  obtained 
from  Kutter's  coefficient  for  a  wooden  channel,  with  water  3  ft.  deep, 
is  an  excellent  check  on  the  accuracy  of  these  experiments.  A  varia- 
tion in  depth  of  0.5  ft.  will  cause  a  variation  in  the  value  of  the  fric- 
tion loss  of  0.001  ft.  at  the  highest,  and  0.00005  ft.  at  the  lowest, 
velocities.  In  any  case  this  is  a  negligible  percentage  of  the  total  dif- 
ference in  water  surface  elevation  caused  by  the  insertion  of  any  pier 
in  the  flume. 
Now,  if 

H^  =  the  depth  of  the  water  above  the  piers  (Gauge  No.  1)  ; 

H^  =  the  depth  of  the  water  below  the  piers  (Gauge  No.  2)  ; 

i7(j  =  the  difference  in  elevation  between  the  bottom  of  the  flume 
at  Gauges  Nos.  1  and  2; 

and  Hf  =  the  friction  loss  in  the  flume  between  Gauges  Nos.  1  and  2 ; 
tlien  H^  +  H^  —  H^  —  Hf  =  the  difference  in  water  surface  eleva- 
tion, or  back-water,  caused  by  the  pier. 

If  Ha  —  Hf  ^  H^,  then,  as  H^  =  0.0195  ft.,  the  values  of  H^  may 
be  plotted  against  the  velocity,  as  in  Fig.  11. 

The  correction,  as  read  from  this  curve,  was  applied  to  all  values 
of  H^  —  H^  in  the  following  manner:  The  value  of  H_^  for  a  given 
experiment  was  interpolated  from  the  curve,  at  a  point  corresponding 
to  the  down-stream  velocity  of  the  flume.  This  seemed  to  be  the  most 
reasonable,  as  the  water  flowed  at  this  velocity  or  even  greater,  for 
more  than  three-fourths  of  the  distance  between  the  gauges. 

All  computations  were  carried  out  to  0.0001  ft.  With  the  excep- 
tion of  the  final  computation  of  coefficients,  which  was  made  with  a 
10-in.  slide-rule,  all  results  were  obtained  arithmetically,  or  with  the 
use  of  six-place  tables  of  logarithms. 

Discussion  of  Bridge  Pier  Formulas. 

In  order  to  compare  the  different  pier  models,  the  writer  concluded 
that  it  would  be  most  convenient  to  compute  coefficients  for  each 
kind  of  pier,  these  coefficients  to  be  applied  to  some  adequate  bridge 
pier  formula.  It  became  necessary,  therefore,  to  study  the  existing 
formulas  for  back-water  caused  by  bridge  piers. 

D'Aubuisson,  Eytelwein,  Debauve,  Dupuit,  and  Gauthey  were 
among  the  first  to  investigate  this  phenomenon.  In  general,  the  theory 
adopted  by  these  investigators  was  to  attribute  the  back-water  to  the 
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velocity  change  as  it  entered  the  contracted  section  of  the  stream,  in 
all  cases  applying  a  coefficient  of  contraction. 

It  was  first  developed  by  D'Aubuisson,  although  commonly  attri- 
buted to  Dubuit  or  Debauve,  as  follows: 

Let  Fq  =  the  velocity  in  the  approach  channel ; 
V,^  =  the  velocity  between  the  piers ; 
W  =the  full  width  of  the  approach  channel; 
w  =  the  contracted  width  at  the  pier  section ; 
h   =  the  normal  depth  of  the  stream  below  the  piers ; 
y  =  the  amount  of  back-water ;  and 
711  =  the  coefficient  of  contraction. 

V    W 

The u,  as  V,=      " 

TV -TV    y.' /w 

y  = 


2   (/  \  ,r-  / 


■2  CI  2  (/ 

?7i*  -  fj     \    W  J 

F„  W 

Evtelwein,  however,  iiointetl    out    that    T''.,  is    not    equal    to , 

w 

because,  due  to  the  crest  contraction,  the  depth  of  the  water  between 
the  piers  is  less  than  the  depth  ahead  of  them.  He  also  argued  that 
the  coefficient  of  contraction  should  only  be  applied  to  the  contracted 
width.  He  thus  modified  the  foregoing  formula  until  it  assumed 
tliH  form: 

^  =  11  (^i^._— i!_^ 

2  y  V  rii-  ic'^        (/i  +  .(/)"'' 

This,  in  all  probability,  is  the  most  correct  formula  which  has 
been  derived,  taking  the  preceding  theory  as  a  basis. 

Debauve  expresses  the  same  formula  in  terms  of  the  discharge  of 
the  stream,  Q. 

=  ^  r    ^    -       1     \ 

Gauthey  gives  the  following  values  for  m  in  this  formula: 
0.95  for  acute  angles, 
0.90  for  half-rounded  heads, 
0.70  for  blunt,  or  square  heads. 

The  preceding  formulas  have  been  disregarded  by  modern  investi- 
gators, as  the  losses  at  the  tail  of  the  pier  and  the  standing  wave  have 
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been  entirely  neglected.  This  would  tend  to  make  y  less  than  its 
tlieoretical  value,  if  observed  at  the  head  of  the  enlargement,  where  y 
is  a  maximum.  The  losses  at  the  tail  of  the  pier  are  considered  by 
many  investigators  to  exceed  those  of  contraction  at  the  head  of  the 
pier.  Furthermore,  the  results  of  these  experiments,  if  substituted 
in  the  foregoing  formulas,  give  a  regularly  decreasing  variation  in  the 
value  of  m  for  a  single  pier,  within  the  range  of  from  1  to  4  ft.  velocity, 
of  more  than  9  per  cent.  The  values  of  m,  computed  from  these  tests, 
ail  lie  between  1.07  and  1.28,  and  are  thus  much  higher  than  those 
given  by  Gauthey.  Certainly,  in  any  case,  a  formula  which  requires 
a  table  of  coefficients  varying  through  a  range  of  9%  is  little  better 
than  no  formula  at  all. 

Gauge 
No.  1 


Fig.   12. 

Weisbach*  describes  two  experiments  which  he  performed  on  a 
small  round  pier,  0.020  m.  in  diameter,  in  a  channel  0.0280  m.  wide. 
He  derived  coefficients  of  0.988  and  0.970  in  the  two  runs  which  he 
made.  These  coefficients  are  to  be  applied  in  a  formula  based  on  the 
following  theory: 

In  Fig.  12  if  II  is  equal  to  the  difference  in  elevation  between 
Gauges  I^os.  1  and  2,  he  considers  the  discharge  through  the  pier  sec- 
tion to  be  equivalent  to  that  through  an  orifice  of  a  section,  AB,  and 
under  a  head,  H,  and  over  a  weir  the  length  of  which  is  the  net  stream 
width  at  A,  under  a  head.  //.  The  sum  of  these  two  discharges  should 
give  the  discharge  past  the  pier. 

Thus,  if  IF  is  equal  to  the  width  of  the  channel  between  the  piers, 
and   D^   is   equal   to   the   depth   of   the  water   at   Gauge   No.   2,   then 


Q=  CW  s/2(j   [       H^  +  I>2  H^ 


'Experimental  Hydraulik. 
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Mansfield  Merriman,  M.  Am.  Soc.  C.  E.,  adopts  Weisbach's 
theory,*  with  some  modification.  In  the  first  place,  he  corrects  H 
for  the  velocity  in  the  approach  channel,  by  adding  to  the  measured 

difference  in  elevation,  II.  a  quantity  equal   to  1   — ',  where  T'j  is  tlie 

velocity  of  the  stream.  In  the  second  place,  he  considers  the  weir 
portion  of  the  theoretical  discharge  to  be  continuous  over  the  entire 
width  of  the  stream,  and  that  the  orifice  discharges  through  the  con- 
tracted section,  only.  Thus,  if  B  is  equal  to  the  width  of  the  approach 
channel,  and  h  is  the  width  at  the  pier  section,  then: 


Q  =  c  V2 


lB{n^iy+,n,{H+n 


Assuming  this  theory  to  be  the  correct  solution  of  the  problem,  co- 
eificients  were  computed  on  the  basis  of  Weisbach's  equation,  applying 

to  if  a  velocity  of  approach  correction  of  1  — ^  .     These  may  l)e  found 

in  Column  16  of  Tables  III  to  VII.  These  coefficients  vary  at  least 
20%  in  the  case  of  each  pier,  being  lower  at  the  high  velocities  and  as 
large  as  1.200  at  the  lower  velocities. 

Again,  the  theory  must  be  at  fault,  for  a  theory  which  gives  as 
wide  a  variation  of  experimental  coefficients  as  is  shown  in  the  tables 
is  very  little  better  than  no  formula  at  all.  Attempts  to  reduce  this 
variation  in  the  coefficient  by  using  diiferent  velocity  of  approach  cor- 
rections did  not  produce  favorable  results.  Likewise,  using  Merri- 
man's  modification  of  Weisbach's  formula,  the  coefficients  were  found 
to  vary  throughout  a  still  larger  range,  and,  for  the  low  velocities,  they 
are  practically  equal  to  those  tabulated  in  Column  16  of  Tables  III 
to  VII.  Merriman's  assumption,  that  the  weir  discharges  over  the 
entire  width  of  the  stream,  seemed  to  make  con-  tttt, 

ditions  worse,  rather  than  better.      Certainly,  there         -^1==-^  '        ' 
is  little  if  any  argument  for  assuming  that  the  fp^~^7^^""H^ 

weir  discharges  over  one  section,  and  the  orifice        ''y//////////A////y///Ay///, 
at  another  section,  of  the  stream,  and  then  adding  '°' 

the  two  to  obtain  the  total  discharge.  A  very  fundamental  principle 
of  hydraulics  is  violated  in  so  doing.  Fig.  13  is  a  copy  of  the  figure 
used   by   Mr.    Merriman   in   demonstrating   his   formula.f      Certainly, 

*  "Treatise  on  Hydraulics." 

t  "Treatise  on  Hydraulics,"  Ninth  ed.,  p.  343. 


Fig.   14. — 45°  Pier  Nose. 


Fig.   15. — Half-round  Pier  Nose. 
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if  the  form  of  surface  wave  shown  in  the  figure  is  the  correct  one, 
and  the  one  which  Mr.  Merriman  saw  when  watching  water  pass  bridge 
piers,  there  may  be  more  ground  for  the  assumption  that  the  weir 
discharges  over  the  entire  stream  width. 

Weisbach,  Gauthey,  and  others,  however,  have  been  very  clear  in 
their  drawings  in  showing  a  rise  in  the  water  surface  immediately 
ahead  of  the  pier,  and  neither  does  it  fall  until  it  reaches  the  pier. 
This,  certainly,  is  what  has  been  observed  in  these  experiments. 
Dupuit,  also,  in  his  theoretical  investigation  of  the  form  of  surface  curve 
obtained  by  lateral  contraction,  arrived  at  the  following  conclusion: 

"At  the  head  of  any  contraction  there  must  always  be  an  elevation 
of  the  water  surface  above  the  normal ;  and  at  the  head  of  any  enlarge- 
ment there  must  always  be  a  depression  of  the  water  surface." 

Figs.  14  and  15  are  reproduced  from  photographs  of  the  bridge  pier 
models  in  the  flume  with  water  flowing  at  a  velocity  of  4  ft.  per  sec. 
Tlaey  show  clearly  the  standing  wave  in  front  of  the  pier. 

As  the  theory  as  a  whole,  however,  does  not  coincide  with  these 
experiments,  it  was  useless  to  dwell  longer  on  this  minor  objection  to 
Mr.  Merriman's  formula;  the  main  error  lies  elsewhere. 

If  the  writer  had  been  required  to  calculate  the  loss  in  head 
through  a  sluice-gate  with  the  form  of  section  shown  in  Fig.  16,  he 
might  have  computed  this  from  the  simple  submerged  orifice  formula: 

Neglecting  the  friction  of  the  concrete,  the  discharge  would  not 
differ  whether  X  were  of  concrete  or  of  air.  If  of  air,  the  form  of  the 
surface  curve  would  be  the  same  as  that  drawn  in  Fig.  12,  and  caused 
by  the  insertion  of  a  bridge  pier. 

Furthermore,  turning  to  the  experimental  data  for  the  pier,  AA, 

if,  corrected  for  velocity  of  approach,    1^,   was   plotted  as    a  fuuc- 

Q 
tion  of  —  where    D.^   is   the    down-stream  depth  of  the  water.      The 

result  is  shown  on  Fig.  17.  It  was  at  once  evident  that  —  =  /  (^H) 
was  almost  purely  exponential,  and  that  this  exponent  is  approximately 
— .     On  investigation  this  was  found  to  be  true  for  the  other  piers  also. 

These  experiments  thus  seemed  to  indicate  that  the  theory  of  con- 
sidering the  discharge  past  bridge  piers  as  being  that  of  a  combined 
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weir  and  orifice  is  false;  and,  furthermore,  that  the  discharge  might  more 
correctly  be  represented  as  that  through  an  orifice  of  a  sectional  area 
equal  to  the  minimum  stream  width  multiplied  by  the  minimum  stream 
depth,  and  under  a  head,  H,  equal  to  the  back-water  caused  by  the 
bridge  pier  (corrected  for  velocity  of  approach). 

This  theory  is  not  new.  Both  Unwin  and  Frizell  seem  to  have  ar- 
rived at  a  similar  conclusion  in  determining  the  discharge  over  a 
broad-crested  weir.    They  found  that 

Q  =Ld  \^2g(H—d), 
in  which  L  is  the  length  of  the  weir;  d  is  the  depth  of  water  on  the 
weir;  and  H  is  the  elevation  of  the  water  surface  ahead  of  the  weir, 
above  the  weir  crest,  as  in  Fig.  18. 

As  (H  —  d)  is  the  difference  in  water  surface  elevation  caused  by  the 
weir,  the  discharge  has  been  computed  as  being  that  through  an  orifice 
at  section,  B,  and  under  a  net  head,  h.  The  crest  and  all  hydraulic 
conditions  in  this  case  are  very  similar  to  the  crest  (obtained  by  the 
writer)  due  to  the  contraction-  of  the 
channel  by  a  bridge  pier.  In  fact, 
Dupuit,  in  his  theoretical  investiga- 
tion of  this  problem,  states  that  the 
same  resulting  surface  curve  follows 
whether  the  contraction  is  from  the 
sides  or  bottom  of  the  stream.  There 
may  be  some  basis,  then,  for  the 
assumption  that,  if  this  theory  has  been  applied  successfully  to  broad- 
crested  weirs,  it  may  as  well  be  applied  to  bridge  pier  sections,  where 
the  svu-face  curve  is  the  same. 

Bridge  Pier  Formula  Used  in  the  Eeduction  of  These  Experiments. 

Keferring   to   Fig.    19,   the   following   base   formula   for   discharge 
past  a  bridge  pier — or  back-water  caused  by  bridge  piers — was  deduced 
as  the  result  of  these  tests.    In  order  to  make  comparison  between  the 
different    pier    models,    the    entire    discharge    in    the    stream    is    con- 
sidered as  passing  through  an  orifice  at  the  section,  A. 
Ji   A=^  the  area  of  this  submerged  orifice, 
^:^the  head  on  that  orifice,  and 
Q  =  the   discharge  through  that  orifice. 


Bottom  of  Canal         \B 

SECTION  ON  C.L.  OF  STREAM 
Fig.  16. 


then  Q  =  C  A  \^  2  g  J£,in  whicli  C  is  an  empirical  coefficient. 
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Now,  in  this  case,  A  =  WD,  where  D  equals  the  depth  of  water  in 
Section  A,  and  W  equals  the  width  of  the  stream,  exclusive  of  the 
bridge  piers.     Thus 

Q  =  C  W  I)  \/  -2(1  H. 
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This  is  the  base  formula  for  these  experiments,  in  its  theoretical 
form,  with  no  corrections.  However,  if  the  depth  of  water  is  meas- 
ured at  Gauge  No.  2,  designating  this  depth  by  B.^,  then 


D  =  H., 


.__2. 

2  gr' 


where  Y ^  =  velocity  of  retreat. 
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11  must  also  be  corrected  for  the  velocity   in  the  channel  of  ap- 
proach, thus 


H  =  //,  +  /3 


TV 

2  r/' 


The  formula,  with  its  corrected  vahies,  then  assumes  the  following 
form: 


Q  =  C  W  \/  2  .7  [if^  —  «  ^  ]  ^  if  +  ^ 


T-2  T,r2 

(jA^  2  g 

It  should  be  observed  that,  in  any  case,  //,  will  be  practically  ec^ual 

to   the  depth  of  the  stream  before  the  erection  of  the  bridge  piers, 

and  is  equal  to  the  depth  of  the  water  in  the  stream,  at  a  point  down 

stream,  beyond  the  standing  wave. 

Taking    all    experiments    into    consideration,    the    best    values    of 

a  and  (3  are  as  follows: 

a  =  0.3  and  fS  =  1.8. 
Using  these  values  of  a  and    ■ 

y3,  the  values  of  the  coefficient, 

C,    were    computed    for    every 

run.      These    are    tabulated    in 

Column  19  of  the  tables.     The 

mean    value    for    each    pier    is 

given  in  Table  2. 


BROAD-CRESTED  WEIR 


Fig.  is. 


Discussion  of  the  Coefficients  and  Their  Limitations. 

The  coefficients  given  in  Table  2  are  discharge  coefficients,  and  are 
primarily  valuable  because  they  indicate  the  relative  amount  of 
obstruction  offered  by  the  different  shapes  of  piers;  that  is,  an 
increase  of  1%  in  the  discharge  coefficient  will  cause  a  decrease  of 
about  7%  in  the  total  difference  in  water  surface  elevation  above 
and  below  the  pier,  at  a  velocity  of  4  ft.  per  sec.  An  inspection  of 
the  formula  at  once  shows  that  the  height  of  the  back-water  varies  as 
the  square  of  the  velocity,  also  as  the  square  of  the  discharge,  and 
inversely  as  the  square  of  the  coefficient  of  contraction,  all  other  values 
in  the  equation  remaining  the  same. 

A  study  of  the  coefficients  obtained  throughout  the  range  of 
experiments  on  a  single  pier  shows  variations  from  the  mean  value 
of  less  than  1%,  in  most  cases;  there  being  only  ten  experiments  where 
the  variation  of  the  coefficients  computed  for  any  single  experiment  is 
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greater  than  this.  Far  less  variation  than  this  could  have  been 
obtained  by  adopting  different  coefficients  for  the  different  pier  shapes, 
but  such  a  table  of  coefficients  would  be  cumbersome,  hence  mean 
values  of  the  coefficients  were  adopted  (a  =  0.3  and  ^  =  1.8)  which 
gave  the  best  results,  considering  the  entire  thirty-four  different  shapes 
of  piers. 

TABLE  2. — Bridge  Pier  Coefficients.* 


Q  =  C  W  \^2  g  [h.^  —  0.3  -^1 
L     "  2  gf  J 


H  +  1.8  l^ 


or. 


iJ=' 


Q' 


2g[cw(H,-0.3'^^)]' 


1-g  TV 

2  g 


Type  of       Value  of  the 
pier.         coefficient,  C. 

Number  of 
experiments 

of  which 

coefficient  is 

a  mean. 

Type  of 
pier. 

Value  of  the 
coefficient,  C. 

Number  of 
experiments 

of  which 

coefficient  is 

a  mean. 

A  4. 0.861 

16 

7 
6 
6 

7 
6 

7 
6 
7 
6 
7 
5 
7 

a  A 

DC 

BA 

BC 

DD 

DB 

FC 

BB 

BD 

BG 

FB 

FD 

DF 

DE 

BF 

BE 

FE 

0.911 
0.912 
0.914 
0.915 
0.916 
0.918 
0.921 
0.923 
0.923 
0.927 
0.927 
0.927 
0.929 
0.931 
0.931 
0.9.35 
0.939 

4 

A<; 1           0.862 

AF 0.863 

AG 1            0.863 

i 

AB '            0.866 

AD 1            0.873 

AE 0.875 

CC ;            0.893 

CA 0.894 

CD 0.902 

FA   1            0.903 

7 
15 

7 
17 
6 

CH 1            0.905 

CF 0.905 

CG 0.906 

CE ;            0.907 

EA 0.908 

DA 0.910 

7 
7 

*  A  complete  tabulation  of  all  data  and  computations  may  be  found  in  the  Engi- 
neering Societies  Library. 
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Fig.  19. 
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As  the  weir  over  which  the  discharge  was  measured  was  of  limited 
capacity,  these  experiments  cover  a  range  in  velocity  of  from  1  to  4 
ft.  per  sec,  only.  Whether  the  coefficients  for  the  formula  will  still 
have  the  same  value  for  higher  velocities  is  merely  a  matter  of  con- 
jecture, although  it  would  not  be  at  all  unreasonable  to  assume  the 
same  coefficients  for  slightly  higher  velocities  of  flow. 

The  formula  is  applicable  to  varying  stream  depths  and  hydraulic 
radii.  This  is  shown  by  the  coefficients  computed  for  Piers  AA,  BD, 
and  DB,  on  which  tests  were  made  through  a  very  wide  variation  in 
the  depth  of  the  water  in  the  flume. 

As  the  velocity  of  retreat,  for  most  problems,  is  only  a  very  small 
amount  greater  than  the  velocity  of  approach,  the  computations  may 
be  somewhat  simplified  by  assuming  them  to  be  of  the  same  value; 
hence,  if  h  is  the  head  due  to  the  velocity  of  approach,  then 


Q  =  C  ir  V  2  f/  (if2  —  0.  3  /z)  V  i/  +  1 . 8  /i. 

It  has  been  claimed  by  some  writers  that  the  amount  of  back-water 
will  vary  with  the  relative  velocities  above  and  below  the  pier,  the 
number  of  piers,  the  span  of  the  bridge,  the  thickness  of  the  piers, 
and  the  profile  of  the  stream  bottom. 

The  limitations  in  the  size  of  the  flume  permitted  tests  to  be 
made  on  only  one  particular  width  between  piers.  Whether  these 
coefficients  can  be  extended  to  other  widths  between  piers  is  a  matter 
of  conjecture.  The  following  are  considerations  which  lead  one  to 
believe  that  this  formula  may  be  applicable  to  a  stream  of  any  width, 
and  for  any  number  of  piers: 

(1)  Coefficients  deduced  by  C.  B.  Stewart,  Assoc.  M.  Am.  Soc, 
C.  E.,  on  orifices  4  ft.  square,  have  about  the  same  value  as 
those  for  small  orifices.  This  principle  may  apply,  as  well, 
to  the  bridge  pier  section. 

(2)  Mr.  Bolton's  experiments  on  trash-racks  prove  that  the  loss 
in  head  due  to  racks  of  a  given  total  area  of  obstruction,  in 
the  flume  in  which  the  tests  were  made,  is  practically  the  same, 
regardless  of  the  spacing  and  width  of  the  individual  bars. 
Although  these  experiments  are  on  a  small  scale,  when  com- 
pared with  bridge  piers,  yet,  in  the  absence  of  data  on  a 
larger  scale,  they  add  considerable  weight  in  the  solution  of 
the  bridge  pier  problem. 
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(3)  The  width  of  the  stream  is  taken  into  consideration  in  this 
formuki,  in  the  large  velocity  of  approach  correction. 

Weisbach's  experiments,  referred  to  herein,  give  values  of  coeffi- 
cients which  do  not  check  with  the  values  given  here.  His  channel 
was  so  small,  however,  and  his  pier  so  nearly  obstructed  the  entire 
flow  of  the  water  (leaving  only  4  mm.  on  each  side  of  the  pier),  that 
it  does  not  seem  at  all  unreasonable  that  his  experiments  should  not 
check.  It  certainly  has  been  a  mistake  to  give  these  experiments  as 
much  prominence  as  they  have  received. 

COEFFICIENTS 

RELATIVE   NOSE   EFFICIENCY 
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Fig.   20. 

Working  with  the  data  afforded  by  the  Lackawanna  vs.  Erie  Case, 
mentioned  previously,  and  assuming  the  flood  discharge  as  computed 
from  Kutter's  formula  to  be  correct,  a  back-water  of  2.30  ft.  would 
have  been  caused  with  square-nose  piers,  or  1.95  ft.  with  the  most 
efficient  pier,  if  computed  on  the  basis  of  the  formula  given  herein. 
These  results  lie  well  inside  the  limits  of  the  different  results  computed 
by  the  engineers  who  took  part  in  this  case,  in  fact,  it  is  almost  a 
mean  of  the  two  extreme  results. 
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Fig.  20  shows  how  the  coefficients  vary  with  a  given  pier  nose 
and  different  tails,  and  also  the  variation  with  a  given  tail  and  different 
noses. 

The  coefficients  have  been  computed  to  the  third  decimal  place, 
although  the  accuracy  of  the  experimental  work  certainly  does  not 
warrant  such  refinement.  This  was  done,  however,  in  order  to  distin- 
guish between  the  different  designs  of  piers  which  have  almost  the 
same  efficiency.  On  the  other  hand,  any  variation  in  the  resulting 
coefficients,  from  that  which  one  would  expect  from  a  general  consid- 
eration of  the  effect  produced  by  a  given  head  or  tail,  occurs  only 
in  the  third  decimal  place.  In  these  particular  cases  of  seeming 
inconsistency,  carrying  the  results  to  the  third  decimal  place  may 
have  been  straining  the  accuracy  of  the  actual  tests.  The  almost 
general  coincidence  of  results  throughout  the  whole  thirty-four  differ- 
ent designs,  even  when  considering  the  values  of  the  coefficients  carried 
to  the  third  decimal  place,  speaks  well  for  the  relative  accuracy  of 
the  experiments,  in  spite  of  a  few  inconsistencies. 

Conclusions. 

These  experiments  have  made  the  following  contribution  to  our 
knowledge  relating  to  the  back-water  caused  by  bridge  piers: 

(1)  It  has  been  demonstrated  that  the  existing  formulas  for  the 
discharge  past  bridge  piers,  and  the  back-water  caused  thereby,  are 
erroneous. 

(2)  In  working  up  the  data  provided  by  these  experiments,  a 
formula,  which  is  substantiated  by  the  results  of  255  experiments, 
was  developed.  It  is  submitted  as  being  far  more  adequate  and  simple 
than  any  of  the  existing  formulas.  Experimental  data  are  not  at 
hand,  however,  which  will  assure  the  accuracy  of  the  formula,  if  applied 
to  conditions  differing  widely  from  those  in  the  writer's  experimental 
flume. 

(3)  Coefficients  for  thirty-four  different  designs  of  bridge  piers 
are  submitted,  for  application  in  the  writer^s  formula. 

(4)  The  main  value  of  these  coefficients  lies  in  the  fact  that  they 
show  the  relative  efficiencies  of  the  different  piers.  This  is  shown  in 
Fig.  20.  The  more  remarkable  conclusions  may  be  summarized  as 
follows : 
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I. — The  best  practical  form  of  nose  is  either  the  half-round  or 
the  elliptical  (of  which  Pier  F  is  a  modification).  These 
shapes  give  much  better  efficiencies  than  the  pointed  nose. 

II. — The  best  form  of  tail  is  the  double  curved  form,  like  a  fish 
tail  (Pier  E).  The  back-water  is  materially  decreased  by 
the  adoption  of  such  a  tail.  This  form,  however,  is  not 
practical;  either  the  D  or  B  modifications  produce  the  second- 
best  results.     These  are  both  practical  shapes. 

III. — The  discharge  coefficient  may  be  increased  from  1  to  3% 
by  substituting  an  efficient  tail  for  the  square  one.  This 
means  a  decrease  of  from  7  to  25%  in  the  amount  of  back- 
water at  a  stream  velocity  of  4  ft.  per  sec.  This  demonstrates 
clearly  the  importance  of  the  shape  of  the  tail  of  a  pier. 

TV. — The  discharge  coefficient  can  be  increased  from  5  to  6% 
by  substituting  a  half-round  nose  for  a  square  one.  This 
means  a  decrease  in  the  amount  of  back-water  of  from  35 
to  45%,  with  a  stream  velocity  of  4  ft.  per  sec. 

Y. — The  decrease  in  the  amount  of  back-water  obtained  by  sub- 
stituting a  90°  point  at  the  tail  of  the  pier  for  the  square  end, 
is  negligible;  hence  it  does  not  warrant  the  extra  exjDense 
of  constructing  such  an  end.  The  round  tail  is  far  superior 
to  the  90°  point,  and  is  almost  as  efficient  as  the  45°  pointed 
tail. 

VI. — For  piers  of  the  same  design,  up  stream  and  down  stream, 
the  half-round  ends  give  the  least  amovmt  of  back-water. 
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Mr.  A.  J.  Wiley*  M.  Am.   Soc.  C.  E.   (by  letter).— The  formula  pro- 

'^^'  posed  by  the  author  appears  to  fit  the  conditions  under  which  his 
experiments  were  made,  but  it  seems  to  the  writer  that  these  conditions, 
in  which  the  pier  occupied  nearly  25%  of  the  channel,  are  not  com- 
parable to  the  case  of  the  ordinary  bridge  pier.  In  the  author's  experi- 
ments, the  standing  wave  around  the  nose  of  the  pier,  as  shown  by 
the  photographs,  extended  across  the  entire  channel,  whereas,  in  the 
case  of  an  ordinary  bridge  pier,  which  occupies  a  relatively  small  part 
of  the  channel,  the  standing  wave  would  not  materially  affect  the 
hydraulic  conditions. 

In  the  author's  formula  for  back-water: 


2,[cTF(i^,_0.3^)] 


H  =  head  caused  by  back-water, 

C  =  a  coefficient, 

IF  =  width  between  piers, 

H^  =  normal  depth  below  piers, 

V^  =  velocity  of  approach,  and, 

V„  =  velocity  of  retreat,  or  normal  velocity  below  piers. 

In  the  formula  it  is  evident  that  the  expression, 

,.(/.,- 0.3  S 

is   the   cross-section    in   the   minimum   section   between   the   piers,    so 
that  the  author's  formula  may  be  written, 

•2g(CAr  2.7  ^^ 

Also, 

Q 

i  =  ''» 

where  A   is   the  area   and   T'^   the  velocity   at  the  contracted  section 
between  the  piers. 

The  formula  thus  becomes : 

H=^-^J^ (3) 

C2g  2(7 

The  author's  coefficient,  C,  varies  from  0.801,  for  a  pier  with  both 
ends  square,  to  0.939  for  one  with  nose  and  tail  tapered.  It  appears, 
therefore,  that  H  would  be  zero,  and  there  would  be  no  back-water 
effect  unless  the  contraction   caused  by  the  pier  was   such  that  the 

*  Boise,  Idaho. 
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square  of  the  velocity  between  the  pier  would  be  1.55  times  the  square     Mr 


of  the  velocity  of  approach  for  a  square-ended  pier,  or  1.68  times 
for  a  taper-ended  pier.  Of  course,  there  must  be  some  back-water 
effect,  no  matter  how  slight  the  contraction  caused  by  the  pier,  and, 
unless  the  writer  is  wrong  in  his  interpretation  of  the  author's  formula, 
it  cannot  be  of  general  application. 

In  one  case  observed  by  the  writer,  a  concrete-lined  canal  is  crossed 
by  a  wagon  bridge  with  square-ended  piers,  8  in.  thick,  and  14.32  ft. 
between  centers.  The  following  are  the  values  of  the  different 
elements  in  this  case: 

Q  =  472  sec-ft.,  between  adjacent  piers, 
W  =13.65 
i7,=   7.82 

\\=   4.22 

Levels  taken  for  a  distance  of  100  ft.  above  and  below  the  bridge, 
on  each  side  of  the  canal,  which  was  87  ft.  wide  at  the  water  surface, 
and,  corrected  for  the  normal  fall  in  the  water  surface,  gave  a  back- 
water head  of  0.077  ft.  Levels  taken  in  the  center  immediately  above 
and  below  the  bridge  gave  a  back-water  head  of  0.15  ft.  The  author's 
formula  gives  the  back-water  head  for  these  conditions  as  —  0.10  ft. 
It  will  be  observed  that  the  author's  formula,  as  reduced  to 
Equation  (3)  : 

l^  2  -I    Q   Tr  2 

C2g  2g 

is  the  same  as  that  of  D'Aubuisson  given  by  the  author  as : 

,.       TV -TV 
2^       ' 
or,  changing  the  notation  to  conform  with  that  used  in  the  author's 
formula, 

T-  2  J.  2 


Wiley. 


H 


1 


■2g      ' 

except  for  the  application  of  the  coefficient,  1.8,  to  the  velocity  head 
above  the  piers  and  the  use  of  coefficient,  C. 

The  writer  is  of  the  opinion  that  this  formula,  as  modified  by 
Eytelwein  and  quoted  by  the  author,  is  an  entirely  rational  expression 
for  the  back-water,  and  will  fit  ordinary  conditions  better  than  that 
proposed  by  the  author. 

Changing   the   modified   D'Aubuisson-Eytelwein   formula    into   the 
terms  used  in  the  author's  formula,  it  is  as  follows : 
VI   /    W,^     _         Jf/       X 
2g   KC  W^        (H^  +  HfJ 
in  which  W^  is  the  width  of  approach. 
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Mr.  The  application  of  this  equation  to  the  case  of  the  piers  in  the 

concrete-lined  canal  previously  mentioned,  gives  a  back-water  effect 
of  0.130,  which  is  probably  as  close  to  the  actual  back-water  as  the 
average  head  of  0.077  ft.,  or  the  center  measurement  of  0.15  ft. 

The  author's  method  of  determining  the  depth  at  the  minimum 
section  between  the  piers  is  to  assume  that  it  will  be  less  than  that 
below  the  piers  by  the  amount  of  the  recovered  velocity  head,  which, 
of  course,  is  correct;  but  this  percentage  of  recovery  would  vary  for 
different  conditions,  and  would  have  to  be  assumed  for  any  other 
condition  than  that  existing  in  the  experiments. 

In  the  Eytelwein  formula,  the  depth  between  the  piers  is  consid- 
ered the  same  as  that  in  the  normal  channel  below  the  piers.  This 
neglects  the  recovery  of  any  part  of  the  velocity  head,  and  gives  a 
slightly  larger  contracted  area  and  a  smaller  velocity  than  actually 
exists.  It  is  not  practicable  to  design  piers  with  the  proper  curves 
to  recover  all  the  velocity  head,  and  the  error  in  neglecting  the  recov- 
ered velocity  head  in  calculating  the  velocity  between  the  piers  is 
not  appreciable.  The  coefficient  of  contraction  in  the  Eytelwein 
formula  can  easily  be  estimated  by  comparison  with  the  coefficient 
of  a  submerged  orifice  with  similar  characteristics.  The  two  coeffi- 
cients in  the  author's  formula  would  have  to  be  assumed  for  any 
conditions  different  from  those  of  the  experiments,  and  there  seems 
to  be  no  criterion  available  in  selecting  these  coefficients.  It  is  the 
writer's  belief  that,  though  credit  is  due  the  author  for  the  thor- 
oughness of  his  experiments,  the  formula  deduced  therefrom,  if  applied 
to  other  conditions,  may  lead  to  entirely  wrong  conclusions. 

Mr.  K  D.  Goodrich,*  M.  Am.  Soc.  C.  E.  (by  letter).— The  writer  was 

Goodrich.  gj-,gaged  in  a  special  study  of  the  effects  of  an  encroachment  of  a  pro- 
posed building  on  a  river,  at  a  bridge  on  the  main  street  of  a  certain 
city,  when  the  Proceedings,  containing  Mr.  N'agler's  paper  with  its 
discussion  of  existing  bridge  pier  formulas  was  issued.  Consequently, 
the  results  of  his  experiments  and  his  new  formula  were  most  oppor- 
tune, and  were  studied  with  the  greatest  interest.  After  some  con- 
sideration of  the  theory  used  in  the  development  of  the  formula,  and 
some  comparison  of  the  results  obtained  by  the  various  formulas  given, 
the  writer  decided  to  use  it  in  the  preliminary  computation  of  the 
back-water  which  might  be  expected  from  the  proposed  encroachment. 
The  discharge  of  the  river  at  the  highest  stage  known  was  taken 
from  United  States  Geological  Survey  reports,  and  a  probable  mean 
velocity  of  4  ft.  per  sec.  was  determined.  The  back-water  caused  by 
the  bridge,  with  its  one  center  pier,  was  then  determined,  the  channel 
having  a  clear  width  of  about  206  ft.     The  back-water,  with  the  width 

*  Lansing,  Mich. 
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of  the  channel  reduced  to  170  ft.  was  then  computed,  and  the  difference  Mr. 
of  3  in.  in  the  two  cases  was  used  as  the  height  of  the  back-water  to 
be  expected  from  the  construction  of  the  building.  By  assuming  the 
velocity  of  approach  to  be  the  same  in  both  cases,  this  factor  can  be 
eliminated  before  substituting  numerical  values,  and  the  increase  in 
back-water,  due  to  an  encroachment  at  one  side  of  the  channel,  can 
be  found  directly. 

Having  completed  these  preliminary  calculations,  the  city  attorneys 
drew  up  their  bill  of  complaint,  and  a  temporary  restraining  order 
was  granted  to  prevent  further  construction.  Among  other  grounds 
for  injunction,  this  additional  3  in.  of  back-water  was  set  up  as  one 
cause  of  complaint.  The  work  of  preparing  the  case  for  an  early 
hearing  was  then  taken  up  in  earnest,  but  a  great  disappointment  was 
encountered. 

Surveys  were  made  of  the  river  immediately  above  and  below  the 
bridge  in  question,  new  data  were  collected,  and  all  the  computations 
were  reviewed.  As  the  revision  progressed,  it  was  found  that  the 
velocity  in  the  channel  above  the  bridge  would  be  more  than  5  ft.  per 
sec.  With  this  velocity,  however,  the  formula  gave  a  negative  back- 
water. The  computations  were  reviewed  again  and  again,  but  the 
formula  failed  entirely  just  outside  the  actual  range  of  Mr.  Nagler's 
experiments. 

At  this  writing  (July,  1917),  the  final  hearing  is  being  had,  and 
the  testimony  of  a  well-known  and  experienced  hydraulic  engineer, 
employed  by  the  city,  shows  that  about  1  in.  of  additional  back-water 
may  be  expected  to  result  from  the  erection  of  the  building.  The 
explanation  to  the  Court  of  the  disappearance  of  the  other  2  in.  of 
back-water  is  not  anticipated  with  any  great  pleasure,  but  it  will  be 
easier  than  to  tell  how  the  water  is  piled  up  higher  below  the  bridge 
than  above  it.  The  lesson  on  the  use  of  untried  formulas  is  so  obvious 
that  it  is  passed  on  for  whatever  it  may  be  worth.  It  is  fortunate  for 
the  writer  that  the  character  and  limitations  of  the  author's  new 
formula  were  discovered  previous  to  the  hearing,  and  a  much  more 
embarrassing  situation  thus  avoided. 

A  full  publication  of  Mr.  Nagler's  experiments  would  have  been 
of  the  greatest  value  in  studying  this  problem,  and  it  is  to  be  regretted 
that  such  a  paper  as  this  is  not  published  with  the  tables  in  full  for 
the  benefit  of  the  majority  of  the  members  of  the  Society  who  reside 
outside  of  New  York  City  and  cannot  avail  themselves  of  the  privileges 
of  the  Society  Library.  The  writer  is  well  aware  of  the  great  care 
with  which  the  author  conducted  his  experiments,  and  it  is  to  be 
hoped  that,  with  further  work  along  the  same  line,  a  more  logical 
formula  will  be  evolved  in  time. 
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Mr.  The  following  is  a  statement  of  the  conditions  in  the  special  problem 

Goadrich.  ^j^-^j^  j^^  ^^  ^j^-g  discussion : 

Discharge,  Q  =  Id  500  sec-ft. ; 

Net  width  at  bridge,  W  =  203  ft. ; 

Mean  depth  at  bridge,  H^  =  16.4  ft. ; 

C  =  0.894  (using  for  the  pier  the  B  nose  and  the  A  tail  as  described 

in  the  paper) ; 

Area  of  channel  above  bridge  =  3  680  sq.  ft. ; 

^^       19  500        ^  .^  .^ 

V  =  ■  =  5.3  ft.  per  sec: 

3  680  ^ 

7i  =  -—  =  0.4307,  1.8  h  =  0.786,  0.3  h  =  0.131. 
2  y 

Assume   tlie   velocity    of   retreat   to   be    equal   to    the    velocity    of 

approach;  then,  from  the  formula  for  Q,  on  page  360, 

H  = .  -l.Hh 

2  g  C'  W^  (H^  —  0.3  hf 

^^  '^^^  -  0.786 


64.4  X  0.8942  ^  203=^  (16.4  —  0.13)' 
=:  0.686  —  0.786  =  —  0.100 


Mr.  E.   W.  Lane*  Jun.  Am.   Soc.   C.  E.   (by  letter).— The  writer  has 

^*°^'  studied  this  paper  with  a  great  deal  of  interest,  as  he  has  been  carry- 
ing on  a  series  of  experiments  along  a  similar  line  for  several  years. 
The  data  presented  are  of  great  value,  as  they  constitute  practically 
the  only  reliable  information  on  the  subject  which  has  been  pub- 
lished, and  Mr.  Nagler  is  to  be  commended  for  the  service  which 
he  has  rendered  in  making  it  available  to  engineers.  Some  of  the 
conclusions  are  somewhat  unexpected,  particularly  those  regarding 
the  efficiency  of  the  semicircular  ends  (Type  B),  the  90°  point  up 
stream  (Type  C),  and  the  effect  of  the  shape  of  the  down-stream  end 
of  the  pier.  In  general,  the  writer  agrees  with  the  statements  in 
the  paper,  but  on  several  important  points  his  observations  and  exi)eri- 
ments  have  led  to  conclusions  differing  somewhat  from  those  of  the 
author. 

Experiments  on  models,  such  as  those  described  in  this  paper, 
are  valuable,  as  they  often  point  out  the  solution  of  a  problem 
when  an  investigation  on  full-sized  apparatus  is  impossible.  Because 
of  the  many  factors  involved  in  most  hydraulic  phenomena,  however, 
it  is  unsafe  to  apply  the  results  of  such  experiments  directly  to 
actual  conditions.  Reliable  conclusions  can  only  be  reached  by 
making  a  careful  analysis  of  the  results  of  the  experiments,  to  arrive 
at  the  underlying  causes,  and,  from  a  knowledge  of  these,  determining 
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how   far   these   results   may   be  modified   by   the   larger   scale   of   the   Mr. 

Lane, 
actual  case. 

Although  the  title  of  the  paper  is  "Obstruction  of  Bridge  Piers 
to  the  Flow  of  Water",  and  the  formula  derived  by  the  author  gives 
the  height  of  the  back-water  caused  by  them,  the  ^vriter  believes  that  the 
increased  height  of  the  water  surface  above  a  bridge  may  be  influenced 
by  other  factors  than  the  size  and  shape  of  the  piers.  The  principal 
causes  of  back-water  are: 

(1). — The  reduction  of  the  cross-sectional  area  of  the  stream  as 

it  flows  under  the  bridge; 
(2). — The  effect  of  the  nose  of  the  pier; 
(3). — The  effect  of  the  tail  of  the  pier; 

(4). — Friction,  both  of  the  water  against  the  bottom  and  sides 
of  the  channel  and  internal  frictions  in  the  water  itself. 

The  reduction  of  the  cross-sectional  area  of  the  stream  as  it  flows 
under  the  bridge  is  usually  the  most  important  factor  causing  back- 
water. In  this  reduction,  the  piers  often  play  a  minor  part,  their 
effect  sometimes  being  absent  altogether.  Perhaps  the  most  frequent 
cause  of  serious  back-water  is  the  construction  of  highways  or  rail- 
roads across  the  bottom  land  on  high  fills,  compelling  the  water, 
which,  in  times  of  flood,  formerly  flowed  over  the  entire  valley,  to 
pass  through  the  comparatively  narrow  opening  at  the  bridge.  This 
was  the  condition  in  the  Lackawanna  vs.  Erie  case  cited  by  the 
author,  and  in  several  other  instances  which  have  come  to  the  writer's 
attention.* 

When  the  cross-section  of  a  stream  is  thus  reduced,  in  order  to 
flow  through  the  smaller  area,  the  velocity  of  the  water  must  be 
increased,  and  a  backing  up  above  the  jiDening  occurs  mitil  the  water 
reaches  an  elevation  sufficient  to  create  this  higher  velocity.  The 
change  from  elevation  head  to  velocity  head  takes  place  according 
to  the  well-known  theorem  of  Bernouilli. 

The  action  of  the  nose  of  the  pier  is  to  cause  the  water  to  flow 
through  an  area  smaller  than  the  actual  area  between  the  piers. 
One  who  has  closely  observed  the  action  of  a  bridge  pier  in  times 
of  high  water  has  no  doubt  noticed  that  a  considerable  space  adjoin- 
ing the  pier  is  filled  with  eddies,  in  which  the  motion  of  the  water 
has  only  a  small  comixtnent  in  the  direction  of  the  flow  of  the  stream. 
This  effect  is  particularly  noticeable  where  the  nose  of  the  pier  is 
poorly  designed,  or  where  the  piers  are  not  properly  set  with  refer- 
ence to  the  direction  of  the  current.  In  many  cases  the  abutments 
have  a  similar  action,  particularly  if  they  project  considerably 
into  the  stream  channel.     Because  of  the  presence  of  this  eddy-filled 

*  Report  of  the  Chief  Engineer  of  the  Miami  Conservancy  District,  1916,  Voi.  I, 
pp.  67-71.  A  Report  to  the  Mayor  and  City  Council  on  Flood  Prevention  for  the  City 
of  Columbus,  Ohio,  Alvord  and  Burdick,  September  15th,  1913,  pp.  80-89. 
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Mr.  space,  the  area  through  which  the  flowing  water  must  pass  is  less 
than  the  actual  cross-section  of  the  water  under  the  bridge,  and  the 
velocity  of  the  water,  therefore,  must  be  correspondingly  greater, 
necessitating  a  greater  heading  up  above  the  bridge.  As  the  height 
varies  as  the  square  of  the  velocity  of  the  water,  it  is  evident  that 
the  eilect  of  the  nose  of  the  pier  may  be  an  important  factor. 

A  striking  confirmation  of  this  exi^lanation  of  the  eifect  of  the 
nose  of  the  pier  is  given  in  Fig.  8,  showing  the  stream  lines  about 
the  model  piers.  In  all  cases,  with  two  exceptions,  for  piers  having 
tails  of  the  same  type,  the  coefficients  grow  less  as  the  area  shown 
by  the  sketch  to  be  occupied  by  eddies  increases.  For  example, 
of  the  piers  having  tails  of  the  B  type.  Fig.  8  shows  that  when 
arranged  in  decreasing  order  of  area  occupied  by  eddies,  they  are  as 
follows:  AB,  CB,  DB,  BB,  or  FB.  The  lines  about  AB  are  not 
shown,  but  they  may  be  judged  from  those  about  A  A.  This  order  is 
the  same  as  when  these  piers  are  arranged  in  increasing  order  of 
coefficients.  The  only  exceptions  to  this  rule  are  Models  EA  and  FA, 
Vvhich  seem  to  be  the  same  as  the  "inconsistencies"  mentioned  by  the 
author. 

The  third  factor,  the  effect  of  the  tail  of  the  pier,  is  more  difficult 
to  analyze.  Perhaps  the  most  common  explanation  would  be  that 
the  higher  coefficients  of  a  certain  pier  form  are  due  to  the  recovery 
of  head  resulting  from  the  gradual  enlargement  of  the  cross-section 
of  the  stream.  Although  the  effect  may  be  due  in  some  measure  to 
this  cause,  the  writer  believes  that  the  action  of  the  tail  of  the  pier 
is  similar  to  that  of  the  nose,  namely,  its  influence  on  the  effective 
cross-section  of  the  stream.  Below  a  bridge  pier,  in  times  of  high 
water,  eddies  or  vortices  are  formed  by  the  action  of  the  flowing 
water  on  the  comparatively  still  water  in  the  space  directly  behind 
the  piers.  The  vortices  on  the  two  sides  of  the  pier  diverge  as  they 
pass  down  stream,  in  extreme  cases  meeting  those  from  adjacent  piers 
some  distance  below.  The  action  of  these  eddies  further  reduces  the 
effective  area  of  the  bridge  opening  and  increases  the  back-water. 
This  seems  to  be  the  author's  conclusion  from  the  statement  on 
page  337 :  "The  pier  with  a  tail  which  follows  the  diverging  stream 
lines  most  closely,  reducing  the  volume  of  eddying  water  to  a  mini- 
mum, should  be  most  efficient  at  the  down-stream  end."  Diagrams 
made  during  the  flood  of  the  Seine  in  1910,  showing  the  formation 
of  these  eddies  by  the  bridges  of  Paris,  have  been  published.* 

That  the  effect  of  the  tail  of  the  pier  is  of  much  less  importance 
than  that  of  the  nose  is  shown  by  a  comparison  of  the  coefficients  in 
Fig.  20.  The  difference  between  the  coefficients  of  the  most  and 
least  efficient  piers  of  any  set  having  tails  of  the  same  type,  ranges 

*  Aiuuilrs  des  Fonts  et  Cliaiissees,  July-August,  1911,  Ninth  Ser.,  Vol.  IV,  Part 
IV,  pp.  11-53. 
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from  O.OGl  to  0.079,  with  an  average  of  0.070;  and  for  the  same  Mr. 
shaped  nose  and  different  tail  shapes,  it  varies  from  0.016  to  0.040,  or, 
neglecting  the  apparently  inconsistent  results  for  Piers  EA  and  FA, 
it  ranges  from  0.016  to  0.023,  with  an  average  of  0.020.  The  relative 
importance  of  the  nose  and  tail  of  the  pier,  therefore,  is  about  as 
7  to  2. 

The  effect  of  friction  loss  has  been  little  discussed  by  the  author, 
because,  in  his  experiments,  it  was  negligible.  In  actual  cases  of 
back-water,  however,  this  may  become  an  important  factor.  The 
piers  of  bridges  are  often  protected  from  \indermining  by  large  piles 
of  loose  stone  around  the  base,  or  the  bottom  of  the  stream  may  be 
rough  or  filled  with  piling.  In  connection  with  the  flood  prevention 
work  of  the  Miami  Conservancy  District,*  the  writer  had  occasion  to 
measure  the  flow  through  the  contraction  of  a  river  channel  caused  by 
the  construction  of  a  bridge.  As  there  were  no  piers  in  the  stream,  the 
entire  change  of  elevation  head,  not  accounted  for  by  the  increased 
velocity,  was  lost  in  friction.  The  high  velocity  of  the  water  had  washed 
away  the  finer  material,  leaving  the  bottom  covered  with  rocks,  averag- 
ing, perhaps,  9  in.  in  diameter.  The  only  condition  tending  toward  high 
friction  loss  in  this  measurement,  which  would  probably  not  be  present 
in  most  cases  of  back-water,  was  the  comparatively  small  depth  of 
the  flowing  stream,  which  varied  from  4  ft.  above  the  bridge,  to  2  ft. 
in  the  most  contracted  section.  Of  the  total  drop  of  1.36  ft.,  0.43  ft. 
was  changed  into  velocity  and  the  remaining  0.93  ft.  was  lost  in 
friction.  It  is  evident,  therefore,  that  in  some  cases  friction  may 
be  of  considerable  importance. 

If  the  foregoing  analysis  correctly  represents  the  effect  of  the 
factors  causing  back-water  at  bridges,  the  rational  formula  for  this 
phenomena  would  be  developed  as  follows :  Suppose  that  the  first  of 
the  four  causes  is  the  only  one  acting,  and  that  there  is  no  recovery 
of  head  below  the  piers.  The  formula,  using  the  author's  notation, 
would  be,  by  Bernouilli's  theorem: 

2  g  2  g 


or,  y 


•2g  2  r/    L  V        w  h        )  \' 


If  we  consider  also  the  effect  of  the  nose  and  tail  of  the  pier,  as 
described  above,  the  effective  area  between  the  piers  becomes  m  w  li, 

*  A  complete  description  of  this  measurement  will  be  published  in  the  Technical 
Report  of  the  Miami  Conservancy  District,  Part  IV,  "Calculation  of  Flow  in  Open 
Channels." 
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Mr.    where  m  is  the  ratio  of  the  effective  to  the  actual  width  between  the 
Lane.      .  , 

piers,  and 


2  a    L  \     m  to  h.      J  J 


which,  exi)ressed  in  the  terms  of  Q,  is 


V 


h 


2  g    L(m  (c  hy  W   (h  +  yfj 

This  is  the  form  ascribed  to  Debauve,  although  the  writer,  as  will 
be  shown  later,  believes  that  it  was  first  derived  by  d'Aubuisson. 
The  writer  does  not  agree  that  this  is  the  same  as  the  formula  accred- 

ited    to    Eytelwein,  as    it   gives   results  I  ■ \     times   as   large.     In 

actual  cases,  the  channel  is  not  rectangular,  as  is  assumed  in  this 
notation,  and  a  more  practical  formula  results  by  replacing  W  (h  -\-  y) 
by  A^,  the  cross-sectional  area  of  the  stream  above  the  bridge,  and 
w  h  by  J. 2,  the  area  between  the  piers,  making  the  foregoing  formula 

In  this  formula,  as  the  coefficient,  m,  is  the  ratio  of  the  effective 
area  to  the  actual  area  under  the  piers,  other  things  being  equal,  the 
opening  having  the  greatest  number  of  piers  would  have  the  greatest 
part  of  the  area  filled  with  eddies,  and,  therefore,  the  lowest  coefficient. 
In  the  same  way,  within  certain  limits,  the  wider  the  bridge  pier, 
the  wider  would  be  the  eddy-filled  area  about  it,  and  the  lower  would 
be  the  coefficient.  As  the  author's  formula,  as  will  be  shown  later, 
differs  only  slightly  from  that  just  given,  the  writer  does  not  agree 
with  his  conclusion  that  the  size  and  spacing  of  the  piers  would 
have  no  effect  on  the  coefficient  of  discharge  of  bridge  openings.  The 
experimental  evidence  offered  does  not  necessarily  lead  to  that  con- 
clusion. Although  the  coefficient  of  a  small  orifice,  or  even  one  4  ft. 
square,  may  be  about  0.62,  one  would  hardly  expect  that,  with  the 
same  head,  the  width  at  the  vena  contracta  of  a  stream,  issuing  from 
an  orifice  100  ft.  wide,  would  be  only  62  ft.  The  action  would  probably 
be  more  like  that  of  a  weir  with  end  contractions,  where  the  effect 
of  the  contraction  at  each  end  reduces  the  effective  length  by  0.1  H. 
In  the  case  of  the  trash  racks  cited  by  the  author,  to  give  the  same 
"total  area  of  obstruction",  with  twice  the  number  of  bars,  requires 
that  the  width  of  each  bar  be  just  half  as  great;  and  the  loss  occasioned 
by  having  twice  the  number  of  bars,  may  be  offset  by  their  being 
only  half  as  wide. 

The  modification  of  the  formula  developed  previously  to  take  ac- 
count of  friction  must  necessarily  be  largely  a  matter  of  judgment,  as 
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SO  little  is  known  of  its  influence  that  exact  analysis  is  impossible.  Mr. 
An  interesting  method  of  introducing  this  factor  was  developed  by 
Ivan  E.  Houk,  Assoc.  M.  Am.  Soc.  C.  E.,  in  connection  with  the 
studies  of  the  Dayton  flood.*  This  method  was  used  in  determining 
the  discharge  of  the  Miami  River  and  its  tributaries  from  measure- 
ments of  the  drop  at  bridge  openings,  but  is  not  so  readily  applied 
to  the  reverse  operation  of  finding  the  height  of  back-water  resulting 
from  a  given  discharge.  Perhaps  the  m.ost  practical  way  of  taking 
account  of  friction  would  be  to  decrease  the  coefficient,  m,  by  an 
amount  dictated  by  judgment,  based  on  the  conditions  existing  at 
the  particular  opening  under  consideration. 

The  formula  developed  previously  may  also  be  expressed  in  the  form. 


Q^CA,^2g(H+l^^), 


where  H  is  the  drop  and  corresponds  to  the  y  of  the  preceding  formula, 
and  the  symbol,  0,  is  used  to  express  the  contraction  coefficient  in 
place  of  m.  It  will  be  seen,  therefore,  that  the  discovery  that  the  "dis- 
charge might  more  correctly  be  represented  as  that  through  an  orifice 
of  a  sectional  area  equal  to  the  minimum  stream  width  multiplied 
by  the  minimum  stream  depth,  under  a  head,  H,  equal  to  the  back- 
water caused  by  the  bridge  pier  (corrected  for  velocity  of  approach)", 
is  not  new,  having  been  known  not  only  by  Unwin  and  Frizell,  but 
was  predicted  by  d'Aubuisson  (or  Debauve),  was  published  by  d'Au- 
buisson  in  his  "Treatise  on  Hydraulics"  in  1840,  and  is  a  direct  appli- 
cation of  the  Theorem  of  Bernouilli,  which  was  proposed  nearly  200 
years  ago. 

The  writer  agrees  that  this  proposition  is  the  rational  basis  for 
the  back-water  formula,  and  that  the  formulas  of  Weisbach  and 
IMerriman,  when  applied  to  bridge  openings,  violate  "a  very  funda- 
mental principle  of  hydraulics."  In  practical  cases,  however,  that 
part  of  the  discharge  which,  according  to  these  formulas,  is  assumed 
to  flow  over  a  weir,  is  usually  relatively  small,  and  does  not  intro- 
duce great  error  in  the  result.  It  is  interesting  to  note  that,  in  the 
tenth  edition  of  his  "Treatise  on  Hydraulics,"  Professor  Merriman 
has  adopted  the  form  ascribed  by  the  author  to  Eytelwein,  which  the 
author  believes,  "in  all  probability,  is  the  most  correct  formula  which 
has  been  derived,  taking  the  preceding  theory  as  a  basis."  The  writer 
believes,  as  will  be  shown  later,  that  this  formula  is  also  erroneous. 
Experiments  undertaken  by  him,  which  have  not  yet  been  completed, 
indicate  that,  for  certain  conditions  of  flow  through  contracted  open- 
ings, the  Weisbach  formula  is  not  only  empirically,  but  also  theoreti- 

*  Report  of  the  Chief  Engineer  of  the  Miami  Conservancy  District,  1916,  Vol.  I, 
pp.  67-71.     The  Official  Plan  of  the  Miami  Conservancy  District,  Vol.  I,  pp.  67-71. 
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Mr.    cally  correct.     These  conditions,  however,  do  not  occur  in  the  ordinary 
^^"''  case  of  back-water  at  bridges. 

The    formula    developed    previously    differs    very    little    from    the 
author's  final  form,  as  it  can  be  expressed  by  the  following  equation : 


where  a  and  /?  are  zero  and  1.0,  in  place  of  the  0.3  and  1.8,  respec- 
tively, adopted  by  the  author.     The  justification  for  the  introduction 

I'  ^ 
of  the  term,  a -^ ,  seems  to  be  (from  Fig.  19)  that  there  is  a  rise  m 

2  (J 
the  water  surface  down  stream  from  the  piers.  That  this  occurred 
in  the  experimental  flume,  the  writer  has  no  doubt,  but  he  does  not 
believe  that  it  is  representative  of  the  usual  conditions  of  back-water. 
It  should  be  noticed  that  the  waterway  on  each  side  of  the  model  pier 
had  a  width  of  only  about  1.6  times  the  width  of  the  pier.  The 
wave  formations  about  the  pier,  therefore,  would  occupy  a  much 
greater  relative  space  in  this  flume  than  in  actual  conditions,  where 
th^  corresponding  space  would  probably  be  about  six  to  ten  times 
the  width  of  the  pier,  and  a  rise,  which  in  actual  conditions  might 
take  place  only  in  the  immediate  vicinity  of  the  pier,  and  not  affect 
appreciably  the  greater  part  of  the  flow,  in  this  narrow  flume  would 
occupy  the  whole  width. 

The  only  information  bearing  on  the  question  of  the  rise  occurring 
below  bridge  openings,  of  which  the  writer  has  knowledge,  was  that 
collected  under  the  direction  of  Mr.  Ivan  E.  Houk,  in  connection 
with  the  investigation  of  the  Dayton  flood  by  the  Morgan  Engineering 
Company.  Detailed  surveys  were  made  at  a  number  of  bridge  open- 
ings, and  in  only  one  case  was  there  any  evidence  that  the  elevation 
of  the  water  surface  a  short  distance  down  stream  from  the  opening 
was  higher  than  the  lowest  point  of  the  water  surface  in  the  opening. 

Practically,  however,  the  term,  a  -^-,  is  usually  a  very  small  correc- 
tion, for,  even  with  v^  equal  to  16  ft.  per  sec,  this  correction 
would  be  only  1.2  ft.,  and,  as  it  is  subtracted  from  H^,  which  is  usually 
comparatively  large,  it  has  relatively  little  effect.     The  effect  of  the 

1.8  -!—  is  o-reater,  as  it  is  added  to  the  observed  head,  which  is  never 
more  than  a  few  feet.     On  the  other  hand,  the  discharge  is  a  function 


V  2 

of  ^1  jH"  +  1.8  -^,  and  the  importance  of  the  velQcity  of  approach  cor- 
rection, therefore,  is  reduced. 
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From  his  search  of  the  literature  dealing  with  the  flow  of  water  Mr. 
through  contractions  in  a  channel,  the  writer  has  not  arrived  at 
quite  the  same  results  as  the  author  regarding  the  origin  of  the 
formulas  quoted.  Perhaps  the  author  had  access  to  information 
not  available  to  the  writer,  but,  inasmuch  as  certain  statements  already 
printed  in  the  publications  of  this  Society  differ  somewhat  from  those 
in  this  paper,  it  may  be  well  to  have  the  origin  of  the  various  formulas 
established.  The  late  William  E.  Hutton,  M.  Am.  Soc.  C.  E.,  in 
his  paper  "On  the  Determination  of  the  Flood  Discharge  of  Rivers 
and  of  the  Back-water  Caused  by  Contractions,"*  writes  as  follows : 

''To  determine  the  increased  rise  which  would  be  caused  by  the 
contraction  of  the  water-way  by  the  works  of  the  Lackawanna  Com- 
pany, two  formulas  are  used,  which  furnish  very  different  results. 
The  first  is  that  of  Eytelwein,  the  second  is  quoted  from  Debauve 
{Manuel  de  I'lngenieur  des  Fonts  et  Chaussees.  Fonts  et  Ma^onnerie), 
but  had  long  before  been  given  by  d'Aubuisson.  The  great  discrepancy 
in  the  results  given  by  these  two  formulas  (the  rise  y  by  the  Eytelwein 
formula  would  be  2.3  ft.,  by  that  of  d'Aubuisson  4.3  ft.),  both  of  them 
foimded  upon  the  same  general  principle,  has  suggested  an  examina- 
tion of  the  process  by  which  they  were  constructed,  which  seems  to 
be  worth  recording. 

"Dubuat,  with  whom  the  method  originated,  assumes  that  there 
will  be  no  considerable  change  of  velocity  in  the  section  above  the 
contraction.     Consequently  the  velocity  in  the  contraction  will  be  to 

V   W 
that  above  it,  inversely  as  the  sections,  I'jj  =  — — ,  and  the  difference 

of  the  heights  to  which  these  velocities  are  due  will  be 


y 


2g  2g  w"       2  g        2  g  \vr  /  ' 


'^O  '^0 


and  the  coefficient  which  is  to  compensate  for  the  contraction  of  the 
stream  in  the  narrow  water-way  is  applied  to  the  resulting  height,  so 

that  in  its  final  form  we  have  y  =  — ^-^ —   (  — r-  —  1  )  . 

nr  2  g  \  w^  J 

"In  the  first  edition  (1801)  of  his  Handhuch  der  Mechanih  und  der 
Hydraulik,  Eytelwein  follows  Dubuat  in  neglecting  the  diminution 
of  the  velocity  above  the  contraction,  caused  by  the  raising  of  the 
surface,  but  he  applies  the  correction  for  contraction  to  the  narrow 
section  only.     Thus  making 

_  1  /!:^\  ^  _  _!ii  or  ^  r—  -  -^ V 

^       m^  \    w    J  2g  m2  V  w'  2  g  /  ' 

m  being  in  this  case  v  2  y  X  0.95. 

•  Transactions,  Am.  Soc.  C.  E.,  Vol.  XI,  p.  239. 
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Mr.  "•  In  the  edition  of  1843  of  the  same  work  he  makes 

Lane. 

^.  VqQ         _       r^Wh     ^^^  V      .        Wh       Y         v,^ 

^'       «'  (h  +  y)         w  (h  +  //)  m^     \iv  (h  -\-  ?/)/  m'^ 


nv'  \iir  (h  +  y)'^  J  ' 


m^  \w'  (h  +  y)'^ 
as  quoted  by  General  Gihnore. 

"  It  will  be  observed  that  v^  being  the  original  mean  velocity,  Tjj  (that 

1     .  .1  •        ^     •  .  ^  ,      ,       .         ,  Q         ^      '^0     '^V   h 

between   the   piers)    is    not   ; but   simply   — -    =   — ; — 

^        ^  IV   (h   +  y)  ^  -^    IV  h  w  h 

i\  W 
=  .     Aijain,  as  the  second  member  of  the  primary  efiuation  is  the 

head    due    to    the    velocity    above    the    contraction,    it    is    equal    to 

.,  /       W  h       \''                h^ 
V  I  ,^^    , I    =  r„  — ;,   which     does   not   varv  with   the    co- 

efficient    of    contraction.       Substitutinof    we    have    y    =    — —  ( — 5 — 5 

2  g    \m^  10^ 

li"       \ 

—  — 5  )  ,  m  beinor  the  usual  coefficient  of  contraction   applical)le 

{h  +  yy/ 

to     the     character     of     the     entrance     to     the     contraction.        This 

form  involves  smaller  numbers  than  the  formula  quoted  by  General 

Gilmore  from  Debauve,  but  it  is  substantially  the  same." 

From  this  quotation  it  seems  that  the  formula  ascribed  to  d'Aubuis- 
son,  according  to  Mr.  Hutton,  was  proposed  by  Dubuat,  and  that 
ascribed  to  Eytelwein  is  not  the  same  as  either  of  those  quoted  by 
Mr.  Hutton  from  Eytelwein's  "Handbuch  der  Mechanik  ixnd  der 
Hydraulik",  but  is  a  modification  of  them  which  was  proposed  by 
Mr.  Hutton,  and  which  the  writer  believes  is  based  on  erroneous 
assumptions. 

The  following  is  quoted  from  ''A  Treatise  on  Hydraulics,"  by 
J.  F.  d'Aubuisson,  published  in  1840,  and  translated  by  Joseph  Bennett 
in  1852,  "Back-water  produced  by  contracting  the  water-way,"  page  188 : 

"The  height  of  this  fall  will  also  be  given  by  the  equation 

•)/  =  -1  —  -ji   =  -^   (—  —  ^\ 
2  g         2g  2  g    \  s'  s^'  )  ' 

Let  X  be  the  height  of  fall,  L  the  mean  breadth  of  the  stream  above 
the  contracted  space,  I  the  width  of  the  contracted  part,  and  li, 
the  depth  of  water  in  that  part;  its  section,  s,  will  be  I  h,  or 
rather  m  I  h,  m  being  the  coelficient  of  contraction  at  the  entrance; 
for  the  section,  s^,,  of  the  current  immediately  above  the  fall,  we  have 
L  (h  -\-  x),  h  -\-  X  being  the  depth  of  water  there  and  L  the  breadth. 
Thus,  observing  that  x  is  the  slope  designated  above  by  p'  we  shall 
have 

,  =  ^  (^ ^_\   . 

2  g    \m'  I'  h^        L^  (h  +  a;)V  ' 
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The  writer  was  not  able  to  determine  whether  the  work  of  Debauve   Mr. 
antedates  that  of  d'Aubuisson,  but  it  is  evident  that  they  both  used 
the  same  form,  and  that  Mr.  Hutton  believed  that  d'Aubuisson  was 
the  originator  of  it. 

A  close  examination  of  the  reasoning  of  Mr.   Hutton,  in  which  he 
develops  the  formula, 

2  ^1^2  7  2 

2  (J  Vm'^  tr^       (/t  +  yfj 

will  show  its  incorrectness,  from  a  theoretical  standpoint.  According 
to  Mr.  Hutton,  "  It  will  be  observed  that  v^^  being  the  original  mean 

Q 

velocity,  v,  (that  between  the  piers)  is  not but  simply 

w  (h  +  y) 

Q    _v,Wh  _  .,  TT,, 
'w   h         w   H  w     ' 

Q  V     W  h 

The  equalities  e:iven  are  erroneous,  as   is  not  equal  to   — — ; 

v:    h  to  h 

>    .     .1       .    VoW(h-{-y)  h  +  y   .  ,  v^  W  h 

hut  rather  to  ~ ; -,  which  is times  as  large  as  -^ — ; — ,  and, 

w  h  Ji  IV  h 

therefore,   accounts    for    the    formula    derived    by    Mr.    Hutton    and 

ascribed  to  Eytelwein,  givins:  results -,  times  as  larire  as   that  of 

-  (h  +  yf 

Debauve  (or  d'Aubuisson),  as  previously  mentioned. 

In  conclusion,  though  the  writer  does  not  believe  that  it  has  been 

demonstrated  that  all  the  existing  formulas  are  erroneous,  nor  that 

tlie  author's  formula  is  "far  more  adequate  and  simple  than  any  of 

the  existing  formulas",  as  it  differs  from  one  of  the  existing  forms 

only  by  the  addition  of  the  empirical  corrections,  0.3  -^-^  and  8.1  — —, 

the  author  has  undoubtedly  pointed  out  the  true  action  of  the  water 
in  flowing  through  a  bridge  opening,  and  it  is  to  be  hoped  that  the 
formulas  based  on  the  combined  weir  and  orifice  theory,  now  so 
commonly  used,  will  be  rapidly  discarded.  It  is  doubtful  if  the 
results  obtained  from  such  small-scale  models  justify  the  adoption 
of  the  corrections  mentioned  above,  when  applied  to  actual  cases  of 
back-water,  and  the  formula  of  Debauve  (or  d'Aubuisson),  when 
expressed  in  terms  of  the  area  of  the  stream  above  and  between 
the  piers,  is  much  more  simple  and  practical.  The  effect  of  these 
corrections  in  most  actual  cases  of  back-water,  however,  will  be 
so  slight  that  the  author's  coefficients  probably  could  be  used  with 
either  formula,  within  the  limit  of  accuracy  which  it  is  possible  to 
obtain  in  practice.  These  coefficients  supply  a  long  felt  need,  as  they 
offer  a  convenient  index  to  the  efficiency  of  the  various  types  of 
piers,  which  will  be  of  great  value  to  designers  of  bridges.     Although 
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Mr.    the   experiments   cover   most   practical   forms   of  piers,   a   number   of 
*  points,  such  as  the  effect  of  the  size  and  spacing  of  the  piers,  were 
not  determined,  and  it  is  hoped  that  these  will  be  investigated  in  the 
near  future. 

Mr.  Mansfield  Mekkiman,*  M.  Am.  Soc.  C.  E.   (by  letter). — The  con- 

"  elusions  derived  by  the  author  regarding  the  relative  efficiencies  of 
piers  of  different  forms  are  interesting  and  valuable.  Although  most 
of  them  have  heretofore  been  known  in  a  general  way,  this  seems  to 
be  the  only  series  of  experiments  which  furnishes  numerical  compari- 
sons, and  hence  the  author  has  rendered  a  distinct  service  to  hydraulic 
and  bridge  engineers. 

Fig.  19  is  a  good  representation  of  the  profile  of  the  stream  at  the 
side  of  a  pier;  here,  however,  the  hump  at  the  nose  of  the  pier  and 
the  depression  along  the  side  are  local  phenomena  which  are  not  seen 
at  a  distance  of  10  or  15  ft.  from  the  side  of  a  common  bridge  pier. 
For  two  piers,  100  ft.  or  more  apart,  the  profile  of  the  stream  surface 
half  way  between  them  is  observed  to  be  a  straight  line,  and  numerous 
other  profiles  do  not  resemble  Fig.  19.  Fig.  13,  which  the  author 
criticizes,  was  not  intended  to  represent  a  profile  of  the  stream  at 
the  side  of  a  pier,  as  the  pier  lines  are  drawn  broken;  it  was  intended, 
however,  to  represent  approximately  an  average  of  all  the  profiles 
between  two  piers.  It  appears  then,  as  the  author  admits,  that  there 
is  some  justification  for  the  formula  on  page  352,  although,  like 
many  hydraulic  formulas,  it  cannot  be  regarded  as  theoretically 
perfect.  That  formula,  however,  is  an  awkward  one  from  which 
to  compute  values  of  the  back-water  rise,  H,  and,  therefore,  it  is  to  be 
desired  that  a  more  satisfactory  one  may  be  established. 

The  writer  is  inclined  to  the  opinion  that  the  formulas  given  on 
page  359  contain  defects  which  do  not  justify  their  universal  appli- 
cation, but  he  is  very  glad  that  the  author  has  deduced  such  an  extended 
series  of  coefficients  for  them.  The  main  use  of  these  formulas  is, 
of  course,  for  the  computation  of  values  of  the  back-water  rise,  R,  from 
given  values  of  Q,  W ,  and  M^.  Had  the  author  given  a  numerical 
example  showing  how  this  may  be  done,  it  would  have  added  to  the 
interest  of  his  valuable  paper. 
Mr.  F.  H.  Fi!ANKLAND,t  Assoc.  M.  Am.  Soc.  C.  E.^: — The  author  states 

that  there  are  very  few  experimental  data  on  the  subject  of  the  obstruc- 
tion of  bridge  piers  to  the  flow  of  water. 

As  evidence  which  would  seem  to  indicate  that  the  mathematical 
solutions  of  the  problem  and  existing  formulas  are  unreliable,  atten- 
tion is  called  to  the  writings  of  M.  Bossut,  the  well-known  French 
engineer,  wherein  his  mathematical  analysis  of  the  problem  led  him 
to   conclude  that  the  pier  nose  should  be  a  right-angled  triangle  in 


Frankland 


*  New  York  City. 

t  Kansas  City,  Mo. 

t  Now  M.  Am.  Soc.  C.  E. 
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section.     On  the  other  hand,  M.  Dubuat,  in  his  "Principles  of  Hy-       Mr. 
draulics,"    gives    a    mathematical    solution    which    suggests    a    section 
having  convex  curves  for  the  pier-nose  faces. 

Cresy's  well-known  experiments  on  the  shape  of  piers  were  made 
many  years  ago,  with  various  small  models,  about  15  cm.  thick,  and 
placed  in  a  canal  between  vertical  stop-boards  which  controlled  the 
depth  of  water.  Cresy  found  that  the  elliptical  section  gave  better 
results  than  any  other  form,  inasmuch  as  the  resistance  to  flow  was 
less  and  the  stream  contraction  was  a  minimum.  The  worst  results, 
as  indicated  by  these  experiments,  were  shown  by  a  model  with  con- 
cave-faced pier  noses.'^ 

Further,  to  illustrate  the  fact  that  previously  existing  formulas 
for  pier  design,  in  section,  are  misleading,  the  speaker  has  been  told 
by  J.  A.  L.  Waddell,  M.  Am.  Soc.  C.  E.,  that  some  years  ago,  during 
a  controversy  before  the  Secretary  of  War  regarding  the  then  existing 
Kansas  City  Southern  Railroad  Company's  bridge  at  Ohio  Avenue, 
over  the  Kaw  River,  at  Kansas  City,  a  certain  German  engineer 
testified  that  his  mathematical  investigations  showed  that  these  bridge 
piers  would  offer  such  obstruction  to  the  stream  flow  as  to  cause  a 
difference  in  water  level  between  the  up-stream  and  down-stream  sides 
of  the  bridge,  at  high-water  stage,  of  11  in.  Dr.  Waddell  stated  posi- 
tively that  the  obstruction  would  be  negligible.  Careful  investigations 
made  later  by  the  Railroad  Company  confirmed  this  statement.  In 
fact,  the  difference  in  elevation  between  the  water  on  the  up-stream 
and  down-stream  sides  of  the  bridge  is  barely  measurable. 

Charles  Evan  Fowler, f  M.  Am.  Soc.  C.  E. — The  subject  of  the  ^Mr. 
proper  form  of  bridge  piers  has  been  discussed  ever  since  modern 
bridge  engineering  has  been  practiced.  The  speaker  has  covered  the 
practical  part  of  this  subject  quite  fully  in  his  book,  "Sub-Aqueous 
Foundations",  in  which  the  essential  features  are  shown  by  Figs.  324 
and  325. 

The  construction  of  piers  in  a  stream  modifies  the  usual  currents 
and  flow  of  the  water  to  such  an  extent  as  to  endanger  very  often 
the  foundations  themselves.  Early  French  writers  thought  to  have 
solved  completely  the  problem  as  to  the  form  of  a  pier  to  cause  the 
least  disturbance,  and  M.  Bossut,  from  a  mathematical  investigation, 
concluded  that  the  starling  should  be  a  triangle,  the  nose  being  a 
right  angle.  M.  Dubuat  gave  another  and  more  nearly  correct  solution 
in  his  "Principles  of  Hydraulics",  the  faces  of  the  starling  to  be 
convex  curves  tangent  to  the  faces  of  the  pier. 

Experiments  recorded  in  Cresy's  "History  of  Civil  Engineering" 
are    partly    illustrated    in    Fig.    21.      The    models    were    15    cm.    in 

*  A   resume    of   these   experiments    is   given   in    "Suh-Aqueous   Foundations,"    by- 
Charles  Evan  Fowler,  M.  Am.  Soc.  C.  E. 
t  New  York  City. 


Fowler. 
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Mr.  thickness  and  the  velocity  of  the  current  was  3.09  m.  per  sec.  The 
''^  ^^'  illustrations  show  the  direction  and  height  of  the  induced  currents 
and  eddies,  and  the  relative  value  of  the  various  forms  of  the  pier 
ci'oss-sections,  the  best  practical  form  being  the  section  Fig.  21  (e), 
where  the  stai'ling  is  formed  of  two  convex  curves  tangent  to  the  sides 
and  described  on  an  equilateral  triangle.  The  very  best  form,  how- 
ever^ is  the  elliptical,  Fig.  21  (/). 

The  piers  of  the  Knoxville  steel  arched  cantilever  were  of  the 
cross-section  shown  in  Fig.  21  (e),  and  were  equally  spaced  by  the 
speaker,  thus  making  the  structure  symmetrical,  and  contributing  to 
its  architectural  appearance. 

The  late  George  S.  Morison,  Past-President,  Am.  Soc.  C.  E.,  also 
adopted  this  form  for  most  of  the  piers  built  by  him  in  the  Missouri 
and  Mississippi  Rivers,  but,  from  a  point  just  above  high  water, 
he  used  semicircular  ends.  This  was  a  very  good  design,  both  for 
practical  and  esthetic  purposes. 

Gustav  Lindenthal,  M.  Am.  Soc.  C.  E.,  stated  to  the  speaker 
recently,  that,  in  his  opinion,  long  spans  would  only  be  possible  during 
the  next  20  to  30  years,  owing  to  a  future  normal  advance  in  the 
price  of  steel,  due  to  the  very  rapid  depletion  of  the  raw  materials 
for  steel  manufacture. 

Although  the  form  of  piers  is  vital  with  long  spans,  as  regards 
mainly  the  integrity  of  the  piers  themselves,  the  subject  will  become 
of  increasing  importance  as  engineers  are  forced  more  and  more  to 
build  short-span  structures  of  reinforced  concrete.  This  type  is 
already  being  constructed  in  numerous  locations  where  a  thorough 
investigation  of  the  best  form  of  pier  is  necessary. 

The  speaker,  however,  does  not  believe  that  the  results  obtained 
from  the  experiments  under  discussion  are  of  more  than  tentative 
value,  owing  to  the  conditions  of  the  tests  being  wholly  unlike  those 
encountered  in  actual  practice,  where  the  materials  and  methods  of 
pier  construction  become  vital  factors  of  the  problem.  Then,  there 
are  the  portions  of  the  cribs  below  water,  rip-rap  protection  around 
piers,  the  character  of  the  river  bottom,  the  scouring  actions  induced, 
and  many  other  items,  to  which  consideration  must  be  given.  There- 
fore, it  would  seem  that,  imtil  we  have  the  results  from  a  series  of 
experiments,  conducted  on  lines  more  nearly  in  accordance  with  actual 
conditions,  with  several  piers  and  on  a  larger  scale,  we  can  only 
accept  those  general  conclusions  which  are  in  reality  confirmatory  of 
the  findings  of  the  data  from  Cresy. 

The  form  then,  as  shown  in  Fig.  21  (e),  as  adopted  by  Mr.  Morison, 
and  as  used  by  the  speaker  at  Knoxville  and  elsewhere,  would  seem 
to  be  the  logical  one  to  adopt  ordinarily,  using  care  at  the  same  time 
to  avoid  unnecessary  obstruction  from  cribs,  rip-rap,  or  other  protec- 
tion work.  ^ 
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Mr. 
Fowler. 


Fig.  21. — Cresy's  Experiments  on  the  Form  of  Pdsrs. 


Horton. 


382        DISCUSSION :  obstruction  to  flow  by  bridge  piers 

Mr.  Although  it  has  been  largely  out  of  the  question  to  adopt  the  better 

■  form,  or  elliptical  cross-section,  as  shown  in  Fig.  21  (/),  where  piers 
have  been  constructed  of  stone,  there  is  no  reason  at  all  for  not  adopt- 
ing such  a  form  for  concrete  piers,  where  the  obstruction  factor  becomes 
very  vital.  The  Fowler  patent  reinforced  concrete  pier  has  come  to 
be  widely  used  on  account  of  its  great  saving  in  material  and  con- 
sequent great  saving  in  weight  on  the  foundation  bed.  This  pier, 
consisting  of  two  reinforced  concrete  pillars  connected  by  a  web  of 
similar  construction,  undoubtedly  offers  a  much  greater  obstruction 
than  the  usual  forms  of  solid  masonry,  and  experiments  in  the 
future  should  include  this  and  any  similar  or  new  types. 

Mr.  EoBEiiT  E.   HoRTOX,"   M.   Am.    Soc.   C.   E.   (by  letter). — Hydraulic 

books  are  replete  with  experimental  data  applicable  to  certain  cate- 
gorical formulas  under  so-called  standard  conditions.  Problems  en- 
countered in  practice  probably  depart  from  the  standard  laid  down  in 
textbooks  rather  more  often  than  they  conform  to  them.  The  author 
presents  experimental  data  relative  to  a  matter  which  falls  outside 
the  limits  of  the  usual  textbook  discussion,  in  that  the  flow  of  water 
between  the  piers  of  a  bridge  does  not  conform  either  to  the  conditions 
of  the  standard  weir,  so-called,  or  the  standard  orifice.  It  is  not  to 
be  presumed  that  reasonably  accurate  results,  sufficiently  good  for 
practical  purposes,  in  most  cases,  may  not  be  obtained  under  many 
conditions  which  would  be  considered  "irregular"  from  a  pedantic  stand- 
point. Textbooks  have  cautioned  engineers  too  strongly  against  the 
extension  of  results  beyond  the  limits  of  experiments.  Such  precaution 
is  undoubtedly  proper  and  necessary  for  students,  but  the  one  point 
wherein  good  judgment  and  ripe  experience  may  be  of  great  value 
in  hydraulic  practice  is  that  it  enables  the  experienced  and  competent 
engineer  to  get  reasonably  good  results  in  many  cases  from  imperfect 
data  or  under  conditions  differing  somewhat  from  those  for  which 
experimental  data  are  available.  Concededly,  every  practicing  engineer 
would  have  preferred  the  experiments  recounted  in  the  paper  to  have 
been  made  on  full-sized  models.  However,  the  results  as  they  stand 
are  a  welcome  contribution  to  the  experimental  data  of  hydraulics. 

Intelligent  discussion  of  the  details  of  these  experiments  would 
be  greatly  facilitated  if  the  complete  results  were  represented  in  tabular 
form.  The  experiments  bear  the  mark  of  careful  and  intelligent  work, 
and  it  is  the  writer's  view  that  all  such  experiments  are  proper  subject 
matter  for  presentation  in  detail  in  the  Transactions  of  the  Society. 
Certainly,  to  the  present  generation  of  engineers,  the  value  of  experi- 
ments, such  as  those  of  Fteley  and  Stearns  and  Bazin,  is  greatly 
enhanced  by  virtue  of  the  fact  that  the  original  experimental  data 
are  available  in  printed  form  where  they  may  be  compared  with  more 
recent  experiments. 

""  *~Albany,  N.  Y. 


DISCUSSION  :  OBSTRUCTION^  TO  FLOW  BY  BRIDGE  PIERS  383 

It  is  to  be  hoped  that  the  author's  original  experiments  may  be     Mr. 
presented  in  full,  in  connection  with  the  closure  of  this  paper;   and     ^^^°^- 
that,  in  the  future,  when  similar  papers  are  published,  wherein  intelli- 
gent discussion  and  the  requirements  of  future  investigations  demand 
it,  the  author  may  be  permitted  to  publish  such  details. 

Just  how  far  these  experiments  on  models  of  bridge  piers  can  bs 
applied  to  full-sized  piers,  under  conditions  arising  in  practice,  is  a 
difficult  problem,  especially  in  the  absence  of  the  original  experimental 
data.  The  fundamental  condition  of  success  in  an  attempt  to  apply 
hydraulic  data,  especially  where  the  application  involves  an  extension 
beyond  the  limits  of  the  experiments,  is  that  the  results  should  be  used 
intelligently.  Intelligent  use  generally  involves  a  critical  study  of  the 
effect  of  the  changed  conditions.  At  present,  it  appears  to  be  impos- 
sible to  go  beyond  the  statement  that,  in  the  case  at  hand,  if  the  ratio 
of  the  obstructed  to  the  total  cross-section  is  the  same  as  in  the 
experiments  and  the  velocity  up  stream  from  the  bridge  pier  is  the 
same,  then  the  eddy  loss  or  contraction,  especially  at  the  head  of  the 
bridge  pier,  should  follow  laws  and  be  determinable  in  amount,  approxi- 
mately, at  least,  from  experiments  on  model  piers.  Losses  due  to  skin 
friction  obviously  would  not  be  the  same  in  a  large  pier  as  in  a  small 
model.  Possibly  an  allowance  for  this  difference  could  be  made  by  the 
application  of  the  extensive  data  available  as  to  skin  friction  losses 
from  experiments  in  naval  hydrodynamics. 

The  author  has  attempted  to  correlate  his  results  with  the  formula 
for  flow  through  orifices.  This  procedure  has  the  value  of  throwing 
some  light  on  the  true  nature  of  the  flow  between  bridge  piers  and  the 
nature  of  the  friction  losses.  However,  for  practical  purposes  of  cal- 
culation, in  cases  where  the  phenomena  lie  close  to  the  limits  of 
applicabilitj^  of  existing  formulas,  it  is  often  found  better  to  express 
the  result  by  wholly  empirical  formulas.  Conventionally,  the  flow  of 
water  is  divided  into:  flow  in  channels,  flow  through  weirs,  and  flow 
through  orifices.  It  should  be  realized  that  there  are  no  hard  and 
fast  lines  which  may  be  drawn  between  these  categories.  In  practice, 
problems  arise  where  the  flow  partakes  of  the  nature  of  two  and  some- 
times three  of  these  conditions.  The  flow  past  bridge  piers  is  an 
example  of  the  latter  condition. 

As  the  population  in  a  region  increases,  commercial  and  industrial 
developments  along  streams  also  increase  rapidly;  and  the  obstruction 
of  stream  channels  by  bridge  piers  becomes  of  greater  importance  as 
development  proceeds.  It  often  happens,  owing  to  physiographic  con- 
ditions, that  the  natural  highway  of  commerce  crosses  a  given  stream 
in  a  position  requiring  several  bridges  near  one  another.  In  such 
cases,  the  head  losses  due  to  bridge  piers  often  require  careful  consider- 
ation, not  only  because  of  the  back-water  which  may  be  produced  by 


38-1        DISCUSSION :  obstruction  to  flow  by  bridge  piers 

Mr.  improper  construction,  in  flood  seasons,  and  under  ordinary  flow  con- 
■  ditions;  but  also  because  of  the  danger  of  the  formation  of  jams  of 
logs,  debris,  or  ice,  especially  where  there  are  several  bridges  with 
numerous  piers  not  in  alignment.  In  a  recent  case  which  came  to 
the  writer's  attention,  two  bridges  had  been  constructed  across  the 
outlet  of  a  large  lake.  The  piers  were  close  together,  and  in  such  a 
position  that  those  down  stream  obstructed  the  waterway  left  between 
those  of  the  up-stream  bridge.  To  the  casual  observer  the  head  loss 
appeared  to  be  small.  Both  measurement  and  calculation,  however, 
indicated  that  it  was  of  considerable  moment,  especially  in  view  of 
the  fact  that  the  back-water  which  it  caused  affected  the  entire  perimeter 
of  the  lake  above,  which  was  about  60  miles  in  length. 

The  author  states  that  Gauge  No.  3  measures  the  head  up  stream 
from  the  weir  crest  at  a  distance  proportional  to  the  ratio  of  the 
height  of  the  weir  to  the  height  of  the  experimental  weir  used  by  Bazin. 
It  appears  to  the  writer  that,  inasmuch  as  the  author's  weir  was  lower 
than  that  of  Bazin,  the  velocity  of  approach  and  surface  curvature 
would  be  greater  for  a  given  depth  on  the  weir,  and  the  gauge  should 
have  been  placed  at  the  same  distance  up  stream,  or  else  at  a  greater 
distance  than  that  of  Bazin's. 

In  Fig.  10,  showing  the  comparison  of  the  experimental  friction 
loss  with  that  obtained  by  the  application  of  Kutter's  formula,  the 
author  should  state  what  value  was  used  for  the  coefficient  of  rough- 
ness, n. 

The  writer  has  had  occasion  to  make  a  study  of  the  comparative 
results  obtained  in  computing  back-water  according  to  the  different 
formulas  mentioned  by  the  author.  The  problem  was  as  follows:  A 
canal  discharging  1  500  cu.  ft.  per  sec.  had  an  irregular  cross-section 
with  a  mean  width  of  88  ft.  and  a  mean  depth  of  8  ft.  A  pier  11  ft. 
wide  was  to  be  erected  in  the  center  of  the  section.  It  was  desired 
to  find  the  height  of  back-water  or  h.  The  following  results  were 
obtained,  using  the  coefficients  recommended  by  the  authors  of  the 
respective  formulas: 

Debauve  formula  Coefficient  ;=  0.96  /i  =  0.107 

Weisbach      "  "          =0.95  /i  =  0.076 

Neville's        "  "          =0.80  /t  =  0.160 

Trautwine's  table  h=  0.102 

Molesworth's  table  /'  =  0.110 

The  tables  of  Molesworth  and  Trautwine  are  based  on  a  formula 
similar  to  that  quoted  by  the  author  (4f  page  350  and  attributed  to 
D'Ai;buisson.     They  modify  the  formula,  however,  to  take  into  con- 
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sideration  the  value  of  the  slope  of  the  stream  bed  itself.     The  formula     Mr. 
thus  assumes  this  form :  Horton. 

Louis  D'A.  Jackson*  also  gives  a  table  for  computing  the  value  of 
h,  using  this  same  formula,  but  considering  s  as  having  a  value  of  zero. 

The  Neville  formulaf  is  a  submerged-weir  formula  similar  to  that 
of  Weisbach. 

David  A.  Molitor,:}:  M.  Am.   Soc.  C.  E.   (by  letter).— The  writer     Mr. 
had  occasion  to  devote  several  months  to  this  problem  in  making  com-     ^  ^^'^^' 
putations  relative  to  the  Kansas  City  Northwestern  Bridge  over  the 
Kaw  Kiver  at  Kansas  City,  Mo.    The  case  was  brought  by  the  Kansas 
Drainage  Board  against  the  Missouri  Pacific  Eailway,  and  many  emi- 
nent members  of  the  Profession  gave  testimony. 

The  case  was  extremely  complicated,  as  the  bridge  in  question  was 
located  at  about  36°  with  the  stream  center  line,  with  four  piers 
normal  to  the  bridge  axis,  and  the  river  on  a  curve.  There  were  fifteen 
other  bridges  up  stream  from  the  one  in  question,  all  of  which  influenced 
the  flood  stage  and  back-water  conditions  involved  in  the  controversy. 
The  last  testimony  was  given  in  May,  1915,  and  the  State  Supreme 
Court  recently  decided  the  case  in  favor  of  the  Railroad  Company. 

When  Mr.  Nagler's  paper  appeared,  in  May,  1917,  the  writer 
naturally  gave  it  a  careful  reading,  and  attempted  to  incorporate  the 
experimental  data  into  his  former  calculations,  but  without  success. 

Although  the  author  gives  a  formula  for  back-water  height  pro- 
duced by  bridge  piers,  his  experiments  certainly  did  not  warrant  the 
broad  conclusions  which  he  draws,  and  it  is  questionable  whether 
the  main  purpose  of  the  experiments  "to  determine  the  relative  obstruc- 
tion to  the  flow  of  water  offered  by  piers  of  different  designs"  was 
answered  satisfactorily. 

The  most  valuable  contribution  to  science,  of  any  experimental 
research,  is  always  a  publication  of  the  complete  observations,  as  these 
constitute  the  best  evidence.  An  author's  deductions  may  be  wrong,  but 
the  experiments,  if  published,  may  enable  the  reader  to  find  the 
trouble.  In  the  present  case,  only  enough  data  were  published  so 
that  the  thread  of  the  argument  could  be  followed. 

In  so  far  as  the  author's  experiments  include  only  one  span  length  of 
2.138  ft.  obstructed  by  a  single  pier  0.5  ft.  wide,  he  has  eliminated  all 
the  variables  in  the  problem  except  depth  of  water  and  velocity,  so 
that  his  empiric  constant  is  not  put  to  the  severe  test  of  satisfying 
all  the  conditions  generally  imposed.     Therefore,   the   summary   dis- 

*  "Hydraulic  Manual",  Tables,  p.  111. 

t  "Hydraulic  Tables,  CoeflBcientS  and  Formulas,"  p.  142. 

t  Detroit,  Mich. 
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Mr.     missal  of  all  previous  formulas  wherein  the  coefficient  varies  as  much 
'  as  9%,  was  entirely  unwarranted  in  the  face  of  his  experiments. 

The  further  conclusion  that  the  older  formulas  "have  been  disre- 
garded by  modern  investigators,  as  the  losses  at  the  tail  of  the  pier 
and  the  standing  wave  have  been  entirely  neglected",  is  also  incorrect, 
when  ordinary  bridges  are  under  consideration.  The  writer  has  ob- 
served many  bridge  piers  in  swift  currents,  but  has  never  seen  a  case 
where  these  conditions  extend  over  the  span  from  pier  to  pier.  The 
heading  up  above  a  pier  and  the  standing  wave  are  purely  local  con- 
ditions at  a  pier,  but,  in  the  author's  flume,  they  became  general  condi- 
tions, owing  to  the  small  width  of  the  flume  and  the  comparatively 
large  obstruction  ofi^ered  by  the  pier.  This,  then,  explains  why  the 
experiments  did  not  fit  any  hitherto  known  formula,  and  necessitated 
the  introduction  of  two  constants,  a  and  ^,  to  bring  about  the  required 
agreement;  at  the  same  time  they  rendered  the  formula  worthless  for 
general  application. 

There  also  appears  to  be  an  error  in  the  algebraic  substitution  of  the 

F,"  ''      V  ^ 

value  D  =  i7,  —  a  —-^—  and  I£  =  IT,  +  /i  — —   into   the    ojeneral 
2  g  "  '2g 

formula  Q  ^^  C  W  D  X'  2  g  H.  The  tiiial  equation  should  give  the  value 
of  H,;,  and  not  of  H,  as  given  on  page  359. 

On  page  349,  H^;,  is  defined  as  ''the  difference  in  elevation 
between  the  bottom  of  the  flume  at  Gauges  Nos.  1  and  2",  and 
hence  the  final  formula  in  reality  gives  the  bottom  drop  instead  of  the 
heading  up  due  to  the  pier. 

Regarding  the  author's  conclusions,  the  writer  emphatically  objects 
to  the  first  one,  on  page  362,  as  nothing  of  the  kind  has  been  demon- 
strated in  the  paper. 

The  second  conclusion  is  true  if  the  second  sentence  is  omitted,  as 
the  author's  formula  is  in  no  wise  comparable  with  existing  formulas. 

The  third  conclusion  is  correct,  but  the  fourth  is  extremely  doubtful, 
owing  to  the  fact  that  the  experimental  conditions  are  not  representa- 
tive cases  when  applied  to  bridges  in  general. 

The  phenomena  accompanying  the  flow  under  a  bridge  demonstrate 
clearly  that  the  back-water  is  essentially  produced  by  the  contraction 
of  the  channel,  necessitating  an  increased  velocity  through  the  con- 
tracted area  in  order  that  the  quantity  of  discharge  may  remain  con- 
stant at  all  sections  above,  below,  and  at  the  bridge.  This  is  directly 
observable,  without  resorting  to  small  experiments  for  proof,  and  is 
shown  by  numerous  photographs  collected  by  the  writer.  The  local 
effect  at  a  pier,  though  influencing  the  back-Avater,  does  not  extend 
over  the  entire  span,  but  acts  in  the  manner  of  an  end  contraction,  as 
for  a  submerged  weir.  Hence,  the  empiric  coefficient  must  be  dependent 
on  the  number  of  such  end  contractions,   the  depth  and  velocity  of 
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flow,  and  the  contracted  width  of  channel.    Therefore,  such  a  coefficient     Mr. 
must  be  expected  to  vary  between  somewhat  wide  limits,  if  all  these 
variable   conditions    are   considered,    without    discrediting   the   funda- 
mental hydraulic  formula  to  which  it  is  applied. 

This  should  dispel  any  hope  of  ever  devising:  a  back-water  formula 
applicable  to  all  bridg-es,  which  would  embrace  a  coefficient  depending 
only  on  the  shape  of  the  piers. 

Floyd  A.  Nagler,^  Jun.  Am.  See.  C.  E.  (by  letter).— The  object  ^Mr^ 
of  this  paper  was  to  determine  the  relative  effect  of  different  pier  shapes  " 
in  producing  back-water.  Some  seem  to  have  lost  sight  of  this  fact 
entirely,  although  it  was  repeated  throughout  the  paper.  The  experi- 
ments were  performed  in  only  one  channel,  using  pier  models,  each 
of  which  obstructed  23.4%  of  the  total  channel  area.  Physical  limita- 
tions prevented  the  use  of  other  channel  widths,  or  the  use  of  other 
ratios  of  obstruction ;  therefore  the  writer  gave  the  following  cautions : 

"The  coefficients  *  *  *  are  primarily  valuable  because  they 
indicate  the  relative  amount  of  obstruction  offered  by  the  different 
shapes  of  piers    ^    '•*    *."     (Page  358.) 

"Whether  the  coefficients  for  the  formula  will  still  have  the  same 
value  for  higher  velocities  is  merely  a  matter  of  conjecture  *  *  *." 
(Page  300.)  . 

"The  limitations  in  the  size  of  the  flume  permitted  tests  to  be 
made  on  only  one  particular  width  between  piers.  Whether  these 
coefficients  can  be  extended  to  other  widths  between  piers  is  a  matter 
of  conjecture     "     "     *."     (Page  360.) 

"Experimental  data  are  not  at  hand,  however,  which  will  assure  the 
accuracy  of  the  formula,  if  applied  to  conditions  differing  widely  from 
those  in  the  writer's  experimental  flume."     (Page  362.) 

The  writer,  therefore,  has  made  no  guaranty  to  any  reader  who 
blindly  applies  the  coefficients  and  formulas  to  conditions  differing 
in  their  hydraulic  proportions  from  those  in  the  flume  described 
by  him.  Engineers  are  too  prone  to  select  empirical  formulas  and 
coefficients  from  handbooks  and  apply  them  to  entirely  irrelevant  cases, 
never  inquiring  as  to  the  natural  limitations  of  the  applicability 
which  intelligent  use  would  place,  on  them.  Intelligent  extension  of 
experimental  formulas  and  coefficients  to  practical  problems  is  the 
highest  type  of  engineering,  but  the  blind  application  of  formulas 
smacks  of  student  days. 

The  writer's  formula,  based  on  what  he  believes  to  be  the  correct 
theory,  contains  the  empirical  constants,  a,  fi,  and  C,  the  best  values 
for  which  were  determined  from  this  somewhat  limited  set  of  experi- 
ments in  order  to  present  a  rational  numerical  comparison  between 
the  different  types  of  piers.  It  should  be  evident  to  any  thinking 
engineer  that  the  coefficients,  particularly  a  and  /3,  would  no  doubt 
assume  other  values  under  different  channel  conditions.    As  no  experi- 

*  Waco,  Tex. 
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Mr.  ments  were  performed  in  channels  o£  different  widths,  the  selection 
*^  ^^'  of  proper  values  of  a  and  ^  for  other  cases  is  left  entirely  to  the 
judgment  of  the  engineer.  ^  =  1.8  is  a  very  high  velocity  of  approach 
correction,  and  certainly  would  be  smaller  for  all  channels  with  a 
smaller  percentage  of  obstruction  offered  by  the  pier  than  was  the 
case  in  the  writer's  flume.  It  might  even  assume  a  value  as  small  as 
unity  for  channels  in  which  the  bridge  pier  obstructs  only  2  or  3% 
of  the  stream.  All  other  bridge  pier  formulas  assume  ^  =  1  for  all 
conditions.  /3  =  1.8  is  simply  the  best  value  of  that  coefficient  for 
these  experiments,  or  for  any  other  problem  where  the  bridge  pier 
occupies  approximately  23.4%  of  the  channel.  A  simple  calculation, 
using  this  value  of  /?  in  the  writer's  formula,  reveals  the  fact  that 
rational  positive  results  will  not  necessarily  be  obtained  unless  the 
pier  obstructs  at  least  20%  of  the  channel  of  approach.  Mr.  Wiley 
and  Mr.  Goodrich  seem  to  have  discovered  this  fact  with  no  little 
alarm  to  themselves ;  but  it  is  as  imreasonable  to  assume  that  a  formula, 
with  one  value  for  the  coefficient  in  correcting  for  velocity  of  approach, 
should  fit  all  varying  channel  conditions,  as  it  would  be  to  expect  the 
medical  profession  to  produce  some  concoction  which  would  prove  a 
panacea  for  all  ills. 

Only  with  ^  =  1  would  it  be  possible  for  a  bridge  pier  formula  of 
any  of  the  existing  types  to  be  generally  applicable;  and  it  is  known, 
from  the  study  of  channel  contractions  caused  by  weirs,  that  ^  is 
always  in  excess  of  unity  for  weirs  of  appreciable  height.  The  experi- 
ments of  Fteley  and  Stearns  show  that  /3  assumes  a  value  of  2.05 
for  channels  with  almost  complete  contraction,  decreasing  to  values 
as  low  as  1.33  for  the  lowest  weir  experimented  on,  indicating  that  p 
would  decrease  to  1  when  there  was  little  or  no  contraction  of  the 
channel.  The  same  variation  in  the  value  of  ^  would  be  expected 
in  an  adequate  bridge  pier  formula. 

In  discussing  the  proper  value  of  ^,  it  is  interesting  to  note,  as  Mr. 
Lane  suggests,  that  the  writer's  formula  is  quite  similar  to  those  of 
Eytelwein  and  Debauve.    This  is  true  when  /?  =  1. 

Then  Q  =  CDW  ^  2  g  (H  -  h,) 


Q 


and  -^  ^V,   =C  \/2g  if  -  TV 

thence  H  =  -        ^  ^ 


2j/ 
in  which  V^  =  velocity  of  approach, 

V^  =  velocity  in  contracted  pier  section, 
Q   =  discharge, 
D  =  depth  at  pier  section, 
W  =  width  at  pier  section, 
H  =  back-water, 
C  =  coefficient. 
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Messrs.  Wiley  and  Goodrich  both  give  numerical  examples  in  which  Mr. 
the  writer's  formula  indicated  negative  back-water,  using  ^  =  1.8.  ^^  ^^' 
In  both  these  problems  the  hydraulic  conditions  differ  widely  from 
those  in  the  writer's  flume,  and  the  obstruction  to  the  normal  channel 
was  far  less  than  20%,  which  is  the  limit  of  applicability  of  the 
writer's  formula,  using  /?  =  1.8.  It  is  evident  that  a  smaller  value 
of  /?  should  have  been  used. 

In  Mr.  Wiley's  example,  where  only  4.7%  of  the  channel  area  was 
obstructed,  a  value  of  /?  =  1.04  would  have  been  selected  by  the  writer, 
giving  a  back-water  of  0.07  ft.,  a  value  very  close  to  that  obtained  from 
the  actual  levels. 

In  Mr.  Goodrich's  case,  9.4%  of  the  channel  was  obstructed,  and 
consequently  a  value  of  /?  of  about  1.25  would  have  been  applicable. 
This  gives  back-water  amounting  to  0.14  ft. 

2.2 


2.0 


1.2 


1.0 


_ 

/ 

^ 

/ 

/ 

/ 

1 

VALUES  OF  R  IN 

J 
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10  20  30  40  .50  00  70  80  90 

Percentage  of  Channel  obstructed  by  Piers' 

Fig.  22. 

In  selecting  the  foregoing  values  of  /?,  the  writer  drew  a  smooth 
curve  (Fig.  22),  for  different  values  of  channel  obstruction,  asymptotic 
to  y8  =  1  for  zero  obstruction  and  ^  =  2.05  for  100%  obstruction, 
passing  through  y8  ^  1.8  for  23.4%  obstruction. 

The  writer  agrees  with  Mr.  Wiley  that  the  value  of  the  coefficient, 
a,  may  be  found  to  be  other  than  0.3  for  conditions  varying  from  those 
in  the  writer's  flume.  However,  as  Mr.  Lane  observes,  the  absolute 
value  of  this  coefficient  has  but  little  effect  on  the  results  of  the 
computation,  especially  if  the  stream  depth  is  appreciable.  It  is  doubt- 
ful, therefore,  whether  speculation  as  to  what  other  values  this  coeffi- 
cient may  assume  is  worthy  of  comment. 

Messrs.  Wiley  and  Lane  still  favor  the  use  of  the  Eytelwein  and 
Debauve  formulas.  If  these  formulas  are  generally  applicable,  they 
should  fit  the  writer's  256  experiments.     They  fail  to  do  this.     These 
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Mr.  formulas  are  at  fault  in  that  they  consider  hydraulic  conditions  only  as 
Nagler.  £^^,  ^^  ^^^  point  of  minimum  section,  utterly  ignoring  the  static  head 
regained  at  the  tail  of  the  pier  when  the  section  is  again  enlarged.  Thus 
far  the  stream  has  suffered  very  little  energy  loss,  for  energy  that  does 
not  appear  in  static  head  is  almost  all  available  in  the  kinetic  energy 
of  the  water  under  the  increased  velocity  as  it  passes  the  contracted 
section.  The  greater  loss,  in  passing  the  bridge  pier  section,  occurs 
(beyond  the  point  of  minimum  section)  in  the  conversion  of  the 
increased  kinetic  energy  back  into  potential  energy.  It  is  true  that 
only  a  small  quantity  of  this  energy  can  be  regained,  but  this  is  the 
point  where  the  efficient  tail  of  the  pier  plays  its  part,  and  the  writer 
has  demonstrated  that  the  design  of  the  tail  actually  does  affect  the 
height  of  the  back-water.  Whether  or  not  this  increase  in  static  head 
becomes  a  physical  fact  (Mr.  Lane  asserts  that  it  more  often  does 
not)  depends  entirely  on  the  hydraulic  conditions  of  the  down-stream 
channel;  but,  in  general,  it  may  be  said  that  in  a  uniform  channel 
this  regain  in  static  head  will  become  apparent  in  the  formation  of 
a  standing  wave. 

In  giving  a  value  of  less  than  unity  to  the  coefficients  of  the 
Eytelwein  or  Debauve  formulas,  a  loss  greater  than  that  represented 
by  the  change  in  velocity  head  is  anticipated.  They  are  thus  only 
"contraction"  coefficients,  indicating  what  further  contraction  of 
the  section,  beyond  that  of  the  net  width  of  the  stream,  is  anticipated, 
and  are  entirely  inadequate  for  expressing  the  total  loss  of  the  entire 
phenomena  of  the  contraction  and  expansion  of  the  section  which 
has  occurred.  The  example  quoted  by  Mr.  Wiley  on  pages  365-66  is 
illuminating  on  this  point;  for,  with  the  use  of  the  D'Aubuisson-Eytel- 
wein  formula,  he  obtained  0.130  ft.  for  the  back-water,  whereas  the 
actual  back-water  was  measured  as  0.077  ft.,  only  59%  of  the  computed 
value.  However,  0.15  ft.  loss  in  static  head  was  measured  at  the  point 
of  minimum  section,  which  value  coincides  more  nearly  with  the  back- 
water computed  by  the  D'Aubuisson-Eytelwein  formula. 

In  reviewing  these  older  formulas,  the  writer  arrived  at  different 

conclusions  as  to  their  authorship  than  those  apparently  expressed  in 

Mr.  Hutton's  paper,  quoted  in  detail  by  Mr.  Lane.     The  discussion 

by  Mr.  Hutton  not  only  proved  inconsistent  with  other  references  on 

this  subject  consulted  by  the  writer,  but  also  was  inconsistent  within 

itself,  in  that  it  contains  mathematical  errors.     It  will  sviffice  to  point 

1    /r   W\ ^        V  ^ 
out  two  of  these:  The  statement,  w  =  — si  — —  )    —  -^  (page  375), 

vi    \    w    /  2  g 

is  correct,   according  to  the  premise  of  Eytelwein,  but  the  equation 

immediately   following   it,   and  offered   as   a   derived  equation  of  the 

/    W'^  1  \ 

first,  is   not  correct,  but  should  be  y  =  r„^  (  — :,— v  —  ^q—  )  mstead  of 
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>•'-    /W  1   \ 

y  — -^  I — -  —  —  ).     Huttou  says,  "  E3telwein    *    *    *    applies  the     Mr. 
m"  \  vr         '2  g  /  Nagler. 

correction  for  contraction  to  the  narrow  section  only."     There  appears 

still  another  error  in  the  statement,  r,,  =  — -r^— -;  this  should  have 

w  (h   -f  y) 

been  i\''  = — ,  for  this  is  the  value  which  is  used  in  the  succeed- 

'1       *o(/i  +  yy 

ing  formula. 

Mr.  Merriman  adopts  the  formula  of  A.  Debauve,*  preferring  to 

call    it    "Hutton's    Formula".      Hutton    was    simply    responsible    for 

chanffinff  the  Debauve  formula: 


to 


^        2g  \  m^  w^  h^         W  (h  +  yf  ) 


This  is  only  another  way  of  expressing  the  same  theoretical  relation, 
and  is  accomplished  by  an  algebraic  transformation  of  a  single  opera- 
tion. In  fact,  it  is  simply  the  Debauve  form  of  expressing  theories 
already  formulated  by  both  D'Aubuisson  and  Eytelwein.  It  seems 
presumptuous  for  Mr.  Merriman  to  give  Mr.  Hutton  the  credit  of 
advancing  a  new  formula  on  so  feeble  a  premise. 

The  writer,  however,  upholds  Mr.  Hutton  in  the  reasoning  whereby 
he  arrives  at  this  formula,  and  would  call  Mr.  Lane's  attention  to 
the  fact  that,  in  the  statement  "v^  being  the  original  stream  velocity", 
f  0  does  not  represent  the  velocity  in  the  obstructed  channel  of  approach, 
but  becomes  equal  to  the  velocity  in  the  channel  of  retreat.  Hence  Mr. 
Hutton  is  not  incorrect  when  he  states : 

_Q Vq  W  h  _   V,  W 

w  h  ■?('  h  '»; 

For,  as  v^  =  the  velocity  in  the  channel  of  retreat,  and  W  li  =  the 
area  of  the  channel  of  retreat,  Q  is  then  equal  to  the  area  of 
the  section  multiplied  by  the  velocity  in  that  section  =  v^W  h. 
Vq  W  (h  -\-  y),  which  Mr.  Lane  claims  is  equal  to  Q,  represents  the 
multiplication  of  the  velocity  in  the  channel  of  retreat  by  the  area 
of  another  section,  namely,  the  channel  of  approach.  This  is  funda- 
mentally wrong,  and  the  writer  is  of  the  opinion  that  Mr.  Hutton  is 
absolutely  right. 

The  writer  had  hoped  that  there  would  be  some  discussion  pre- 
senting experimental  data  as  to  the  effect  of  the  number,  size,  and 
spacing  of  piers  offering  the  same  total  obstruction.  Mr.  Lane  has 
stated  that  he  does  not  agree  with  the  writer  in  his  conclusion  that, 

*  "Treatise  on  Hydraulics,"  Tenth  Edition. 
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Mr.  in  the  absence  of  definite  experiments,  it  would  not  be  unreasonable 
Nagier.  ^^  assume  that  there  would  be  no  change  in  the  value  of  the  coefficients 
if  the  number  of  piers  was  increased,  retaining  the  same  total  obstruc- 
tion to  the  stream  channel  as  before;  yet  he  cites,  in  defense  of  his 
position,  the  writer's  illustration  of  the  trash  racks,  where,  regardless 
of  the  number,  spacing,  and  size  of  the  individual  bars,  the  loss  through 
the  racks  was  always  the  same,  provided  there  was  always  the  same 
total  area  of  obstruction.  There  should  be  no  disagreement  on  this 
point,  for  the  latter  is  exactly  the  illustrated  conclusion  of  the  writer. 
The  problem  itself  is  a  complicated  one;  for,  dividing  the  total  loss 
in  passing  a  bridge  pier  into  loss  at  the  nose  and  loss  at  the  tail  of 
the  pier,  the  loss  at  the  nose  would  seem  to  increase  with  the  number 
of  piers,  though  that  at  the  tail  would  seem  to  vary  inversely  as  the 
number  of  piers.  The  losses  at  the  nose  are  revealed  in  the  further 
contraction  of  the  stream  channel  beyond  the  net  width  at  the  bridge 
pier  section;  assuming,  therefore,  that  the  piers  are  of  appreciable 
size,  and,  regardless  of  number,  offer  the  same  obstruction  to  a  given 
channel,  the  number  of  these  contractions  varies  directly  as  the  number 
of  piers.  On  the  other  hand,  if  we  consider  the  losses  at  the  tail  of 
the  pier  to  be  represented  by  the  volume  of  the  triangular  prism  of 
eddying  water  at  the  down-stream  end,  this  volume,  and  consequently 
the  losses,  varies  inversely  as  the  number  of  piers,  being  greatest  for 
a  single  pier,  then  decreasing  as  the  piers  increase  in  number,  and 
disappearing  entirely  if  we  assume  an  infinite  number  of  piers.  This 
proposition  is  of  easy  geometrical  proof.  These  two  opposite  tendencies 
in  producing  loss  in  a  bridge  pier  section,  if  the  number  and  width 
of  piers  is  varied,  maintaining  the  same  total  net  obstruction  to  the 
stream,  tend  to  counterbalance  each  other;  whence  the  coefficient  to 
be  applied  in  solving  for  the  height  of  back-water  might  be  the  same, 
regardless  of  the  number  of  piers.  It  is  to  be  hoped  that  large-scale 
experiments  will  be  performed  in  the  near  future,  which  will  settle  this 
question.  However,  the  writer  does  not  anticipate,  as  Mr.  Fowler 
desires,  that  it  will  be  possible  to  perform  a  set  of  experiments  on  a 
large  scale  duplicating  actual  conditions  encountered  in  practice.  Such 
a  set  of  experiments  would  be  almost  inconceivable,  if  it  were  required 
that  all  actual  bridge  pier  conditions  be  duplicated,  for  bridge  pier 
sections  seldom  even  duplicate  themselves.  The  main  value  of  the 
set  of  relative  coefficients  offered  by  the  writer  lies  in  the  fact  that 
they  establish  a  basis  on  which  an  intelligent  engineer  may  select  a 
coefficient  which  will  apply  to  the  modifications  in  the  problem  at 
hand.  For  instance,  he  may  readily  estimate  how  effective  a  square 
crib  near  the  channel  bottom  may  be  in  reducing  the  coefficient  of 
a  round-nose  pier;  or  may  arrive  at  a  reasonable  coefficient  (approxi- 
mately 0.88)  for  the  Fowler  patent  reinforced  concrete  pier. 
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The  writer's  experimental  data  are  filed  in  the  archives  of  the  Mr. 
Society.  Mr.  Goodrich  states  that  the  "well  known  and  experienced  ^^^'^'^• 
hydraulic  engineer  employed  by  the  city",  to  whom  he  refers,  had 
access  to  these  data,  and,  the  writer  is  informed,  used  them  in  arriving 
at  his  conclusion  that  the  obstruction  in  the  case  cited  would  cause 
back-water  amounting  to  about  1  in.  The  writer  cannot  conceive  how 
Mr.  Goodrich  computed  the  value  of  3  in.  of  back-water  in  his  first 
set  of  calculations.  The  value  by  the  formula,  with  a  velocity  of 
approach  correction  equal  to  unity,  should  give  the  maximum  possible 
results,  and  certainly  larger  than  the  writer's  formula  with  a  coeffi- 
cient of  1.8,  which  Mr.  Goodrich  says  he  used.  The  highest  thus 
obtainable  is  but  little  more  than  2  in.,  and  the  writer  is  of  the  opinion 
that  the  original  claim  of  3  in.  of  back-water  fails  to  have  the  support 
of  any  computations  by  the  writer's  formula. 

The  writer  notes  that  although  Mr.  Merriman  states  that  the 
profile  of  Fig.  13,  copied  from  the  ninth  edition  of  his  "Treatise  on 
Hydraulics",  represents  "approximately  an  average  of  all  the  profiles 
between  two  piers",  in  the  tenth  edition  there  is  shown,  in  its  place, 
what  the  writer  considers  to  be  a  more  rational  average  profile,  in 
that  depression  of  the  water  surface  does  not  begin  until  the  water 
reaches  the  nose  of  the  pier. 

The  value  of  Kutter's  n  used  by  the  writer  in  Fig.  10  was  0.009, 
a  value  applicable  to  timber  channels,  well  planed,  and  perfectly  con- 
tinuous. 

The  writer  cannot  agree  with  Mr.  Horton  in  that  Gauge  No.  3 
"should  have  been  placed  at  the  same  distance  up  stream,  or  else  at 
a  greater  distance  than  that  of  Bazin",  on  account  of  "velocity  of 
approach  and  surface  curvature".  Though  the  writer  believes  that  the 
gauge  should  always  be  placed  up  stream  beyond  the  point  where  it 
would  be  affected  by  surface  curvature,  it  must  also  be  far  enough 
up  stream  not  to  lie  within  "the  angle  of  pressure".  Fteley  and 
Stearns*  found  that  heads  measured  within  this  angle  might  exceed 
the  true  static  head  by  as  much  as  2.5  times  the  velocity  head  of 
approach.     They  furthermore  state: 

"It  is  deemed  reasonable  and  fairly  in  accordance  with  them  [the 
experiments]  to  assume  that  the  distance  [upstream  terminus  of  the 
angle  of  pressure]  varies  with  the  height  of  the  weir  above  the  bottom 
of  the  channel,  and  that  it  is  about  2^  times  this  height." 

It  was  for  this  reason  that  the  writer  adopted  the  formiila  of  meas- 
uring the  head  at  a  distance  up  stream  from  the  weir  crest  (as  com- 
pared with  Bazin's  point  of  measurement)  proportional  to  the  ratio 
of  the  height  of  the  weir  crest  to  the  height  of  the  weir  used  by  Bazin. 
This  same  formula  was  used  in  measuring  the  head  on  one  of  the 

♦  Transactions,  Am.  Soc.  C.  E.,  Vol.  XII,  p.  46. 
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Mr.     Cornell  weirs,  with  which  the  writer  understands  Mr.  Horton  is  thor- 
*^  "■  oughly  familiar.     Richard  R.  Lyman,  Assoc.  M.  Am.  Soc.  C.  E.,  has 
explained  this  also.* 

Since  the  presentation  of  the  paper  the  writer  has  had  occasion 
to  perform  extensive  experiments  in  order  to  determine  any  appreciable 
evidence  of  surface  curvature  farther  than  6  ft.  from  a  suppressed 
weir,  6.56  ft.  long  and  3.72  ft.  high.  Gauges  established  6  ft.,  and 
also  16.4  ft.,  from  the  weir  recorded  the  same  head  for  velocities 
of  approach  as  high  as  4  ft.  per  sec.  (4  ft.  head  on  the  weir).  As  the 
velocities  in  the  writer's  experiments  hardly  exceeded  this  value,  he 
is  of  the  opinion  that  Gauge  'No.  3,  established  10.625  ft.  from  the 
weir,  recorded  the  correct  head  on  the  weir. 

The  writer  is  of  the  opinion  that  the  proper  procedure  in  inves- 
tigating the  effect  of  any  single  variable  on  an  equation  or  phenomenon 
involving  many  variables,  is  either  to  eliminate  all  other  variables  or 
regulate  them  so  that  they  become  constants.  This  was  precisely  the 
writer's  method  in  determining  the  relative  effects  of  different  shapes 
of  piers;  hence  Mr.  Molitor's  incredulity  in  doubting  that  even  this 
fact  was  demonstrated  by  the  experiments  seems  almost  inconceivable. 
Certainly,  the  only  physical  phenomenon  which  did  change  the  size  of 
the  coefficients  in  the  formula  was  the  changing  of  the  shape  of  the 
piers ;  and  if  this  is  not  demonstrating  the  relative  effect  of  the  different 
designs,  the  writer  is  at  loss  to  know  by  what  name  to  call  it. 

Mr.  Molitor  makes  the  criticism  that  all  the  variables  encountered 
in  practice  have  not  been  imposed  as  a  test  for  the  writer's  empiric 
constant.  It  is  true  that  the  effect  of  varying  the  percentage  of 
obstruction  offered  by  the  pier  was  not  investigated.  This  was  unneces- 
sary in  the  determination  of  the  "effects  of  the  different  pier  shapes"; 
but  the  writer  even  went  further  than  this  one  objective,  and  studied 
the  effect  of  the  variables  of  depth  and  velocity,  thus  putting  any 
bridge  pier  formula  to  a  more  severe  test  than  had  been  applied  by 
any  experimental  work  to  date.  The  writer's  empiric  constant  with- 
stood this  test,  others  did  not,  but  varied  as  much  as  9%  for  any  one 
pier.  If  the  empiric  constants  for  these  other  formulas  varied  this 
much  in  the  consideration  of  only  two  of  the  variables  involved, 
common  sense  dictates  that  the  variation  might  even  be  greater  when 
put  to  the  test  of  encountering  all  the  variables  known  to  practice. 
Therefore  the  writer  can  see  no  grounds  on  which  Mr.  Molitor  might 
base  his  "emphatic  objection"  to  the  writer's  first  conclusion  that 
error  exists  in  the  present  bridge  pier  formulas.  A  study  of  the  original 
data  for  these  experiments  perhaps  might  satisfy  Mr.  Molitor,  as  he 
could  then  test  the  futility  of  obtaining  an  empiric  constant  for  these 
existing  formulas. 

*  Transactions,  Am.  Soc.  C.  E.,  Vol.  LXXVII,  p.  1271. 
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Although  the  heading- up  above  the  pier  in  the  writer's  flume  occupied  Mr. 
a  relatively  greater  width  of  the  free  channel  than  in  most  practical  ^^  ^  ' 
conditions,  the  writer  cannot  agree  with  Mr.  Molitor  that  this  phe- 
nomenon was  efiFective  in  producing  error  in  the  results,  as  the  points 
of  measurement  of  static  head  both  up  stream  and  down  stream  from 
the  pier  section,  were  several  feet  remote  from  any  local  disturbance 
of  this  sort  caused  by  the  pier,  and  were  thus  statically  unaffected 
by  these  disturbances. 

The  writer  was  not  aware  of  the  inconsistency  in  his  use  of  symbols 
until  Mr.  Molitor  brought  this  to  his  attention.  It  is  true  that  there 
appears  to  be  an  error  in  the  algebraic  substitution  on  page  358, 
whereas  if  correct  symbols  had  been  used  there  would  be  none.  The 
H^  as  used  on  page  358  should  be  imderstood  to  mean  the  "measured 
head"  instead  of  the  "drop  in  the  flume"  as  formerly  used;  and  again, 
the  H  in  the  writer's  final  formula  should  have  borne  the  subscript,  d. 
Hence  the  writer's  formula  should  not  be  mistaken  to  give  the  "drop 
in  the  flume"  (that  would  be  ludicrous),  but  gives,  as  he  claimed, 
the  rise  or  back-water  caused  by  the  pier. 
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Synopsis. 

The  object  of  this  paper  is  to  call  the  attention  of  engineers  to 
the  fact  that,  in  designing  drainage  improvements,  it  is  often  neces- 
sary to  anticipate  the  subsidence  of  muck  and  peat  lands  subsequent 
to  drainage. 

The  results  of  some  observations  made  in  England  on  the  subsidence 
of  drained  muck  and  peat  lands  are  reviewed,  and  the  results  of 
first-hand  observations  in  Louisiana  and  Florida  are  shown  in  detail 
on  profiles. 

It  was  evident  that,  in  small  districts  drained  by  pumps,  the  sub- 
sidence was  not  a  very  important  feature,  but  that  in  large  gravity 
drainage  districts  covered  with  deep  muck  or  peat,  where  slopes  were 
slight  and  the  available  fall  was  small,  subsidence  would  be  of  suffi- 
cient magnitude  to  make  a  change  in  design  necessary. 


It  has  long  been  a  matter  of  common  knowledge  that  swamp  lands, 
which  have  soils  containing  a  large  percentage  of  vegetable  matter, 
subside  when  drained  and  cultivated.  In  the  Fenland  of  England 
such  soils  have  been  drained  and  cultivated  for  a  long  period,  with  a 
consequent  change  in  surface  elevation.  This  change  has  been  of 
*  Presented  at  the  meeting  of  November  7th,  1917. 
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such  magnitude  that  it  has  made  necessary  the  altering  of  a  majority 
of  the  pumping  plants  that  formerly  gave  adequate  drainage  to  the 
lands  they  served.  It  is  believed  that  it  will  be  best  to  give  the 
actual  figures  from  a  few  representative  cases  rather  than  to  state 
any  general  figures. 

In  the  Memoirs  of  the  Geological  Survey  of  England  and  Wales 
for  1877  there  appears  a  volume  written  by  S.  B.  J.  Skertchly  on 
the  "Geology  of  the  Fenland."  Mr.  Skertchly  mentions  the  general 
sinking  of  the  surface  on  all  the  cultivated  and  drained  Fens,  where 
there  is  muck  or  peat  on  the  surface,  and  gives  definite  figures  for 
several  locations.  In  1848,  an  iron  column,  graduated  in  feet  and 
inches,  was  sunk  down  through  the  peat,  in  the  Middle  Level  of  the 
Great  Bedford  Level  in  the  vicinity  of  Whittlesey  Mere,  into  the 
solid  clay,  so  that  the  top  of  the  column  was  level  with  the  surface.* 
This  column  bears  on  the  capital  the  inscription,  "Level  of  the  Ground 
in  1848."  When  Mr.  Skertchly  measured  the  subsidence  of  the 
surface  on  August  25th,  1870,  he  found  it  to  be  7  ft.  8  in.  The 
subsidence  was  measured  again  in  1875  and  found  to  be  7  ft.  9  in. 

Richard  F.  Grantham  statesf  that  in  1876  after  erecting  new 
engines  and  pumps,  made  necessary  by  the  subsidence  of  the  land, 
the  total  subsidence  was  then  observed  to  be  8  ft.  This  was  evidently 
after  the  new  pumping  plant  had  been  put  in,  hence  the  drop  of 
3  in.  in  a  year,  due  to  the  lowering  of  the  water-table.  In  1913 
the  total  subsidence  was  observed  by  Mr.  Grantham  to  be  10  ft. 
The  peat  at  this  point  was  originally  18  ft.  thick. 

Mr.  Skertchly  in  his  "Geology  of  the  Fenland"  also  gives  a  table 
of  the  subsidence  at  this  and  other  localities.  This  table  is  reproduced 
as  Table  1. 

The  observers  for  the  data  in  Table  1  were: 
No.  1.  W.  H.  Wheeler. 

2-5.  W.  Wells.     Journal,  Royal  Agricultural  Society,  Vol. 
XXI,  1860. 

6.  S.  B.  J.  Skertchly. 

7.  W.  Wells. 

8.  W.  Marshall. 

9.  S.  B.  J.  Skertchly. 

•  Journal,  Royal  Agricultural  Society,  Vol.  XXI,  1860. 

t  Proceedings,   Institution  of   Mechanical   Engineers,    London,    July,   1913. 
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TABLE  1. — Compression  of  Peat  by  Drainage 
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In  commenting  on  Table  1,  Mr.  Skertclily  states: 

"The  mean  annual  percentage  of  compression  from  the  above  data 
is  2.2,  which  under  similar  circumstances  may  be  taken  as  the  rate 
for  a  long  series  of  years.  By  'similar  circumstances'  is  meant  low- 
lying  peat  in  which  very  little  fall  can  be  obtained  for  the  drains; 
for  it  is  clear  that  if  drains  could  be  cut  deep  into  or  through  the 
peat  the  compression  would  be  more  rapid." 

Swamp  soils  which  are  largely  of  vegetable  origin  are  classed  as 
cumulose  by  the  United  States  Bureau  of  Soils,  with  the  subdivisions 
of  peat,  peaty  muck,  and  muck.  Peat  is  composed  almost  entirely 
of  partly  decomposed  vegetable  matter;  muck  has  a  considerable 
percentage  of  silt,  clay,  and  sand  mixed  with  well-decayed  and  finely- 
divided  vegetable  matter.  The  different  types  merge  into  each  other. 
Although  it  is  not  certain  that  all  the  soils  considered  in  this  paper 
would  be  properly  classed  as  muck  soils,  the  term  will  be  used,  because 
it  will  probably  fit  most  of  the  cases  and  because  it  is  in  common 
usage  in  Southern  Louisiana  and  Florida.  The  purpose  of  this 
paper  is  not  to  classify  the  soils  examined,  but  to  give  a  recital  of 
facts  observed. 

The  writer  has  been  engaged  for  the  past  7  years  in  making 
investigations  of  the  drainage  of  muck  soils  in  Southern  Louisiana 
and  for  the  past  2  years  has  had  charge  of  similar  work  in  Florida. 
This  work  was  carried  on  for  the  U.  S.  Department  of  Agriculture, 
Office  of  Public  Roads  and  Eural  Engineering,  Division  of  Drainage 
Investigations,  and  was  under  the  immediate  supervision  of  the  Divi- 
sion Chief,  S.  H.  McCrory,  M.  Am.  Soc.  C.  E.,  under  the  general 
direction  of  L.  W.  Page,  M.  Am.  Soc.  C.  E.,  Director  of  the  Bureau. 
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The  subsidence  of  such  soils  is  due  to  three  main  causes :  drying, 
decay,  and  cultivation.  Shrinkage  and  the  consequent  subsidence, 
due  to  drying,  affects  most  the  top  layer,  but  it  extends  in  a  decreasing 
rate  as  deep  as  the  soil  is  drained.  Tests  have  shown  that  undrained 
Louisiana  muck  shrinks  about  60%  in  volume  when  completely  dry, 
and  that  it  will  regain  only  70%  of  its  original  volume  when  saturated 
for  a  long  time.  Therefore,  long-continued  dry  weather  and  deep 
drainage  cause  a  shrinkage  in  the  deeper  layers  of  muck  which  is  not 
counterbalanced  by  an  increase  in  volume  due  to  subsequent  pre- 
cipitation, or  rising  of  the  water-table.  Only  such  part  of  the  muck 
as  is  always  saturated  is  entirely  free  from  shrinkage  due  to  drying. 

The  vegetable  material  in  muck  soils  exists  in  a  state  of  partial 
decay.  In  the  undrained  state  it  is  saturated  with  water  to  such  an 
extent  that  the  process  of  decay  is  relatively  slow.  After  drainage 
the  air  enters,  and  decay  is  much  more  rapid.  The  warm,  humid 
climate  of  Southern  Louisiana  and  Florida  is  very  favorable  to  the 
rapid  decay  of  vegetable  material,  much  more  so  than  in  places  where 
the  surface  is  frozen  for  a  part  of  the  year.  Like  the  effect  of 
drying,  that  of  decay  is  greatest  in  the  top  layer  of  material;  but 
examination  has  shown  that,  after  some  years  of  drainage,  the  char- 
acter of  the  muck  at  a  depth  of  2  ft.  had  been  materially  changed 
from  its  condition  prior  to  drainage.  Although  the  effect  of  decay 
is  not  as  rapid  in  action  as  that  due  to  drying,  it  is  practically 
continuous.  The  complete  decay  of  the  vegetable  material  causes 
some  loss  of  weight  and  a  considerable  loss  in  volume,  thus  gradually 
reducing  the  surface  elevation  of  the  muck. 

As  the  effect  of  both  the  foregoing  agencies  is  greatest  in  the  top 
layer  of  the  muck,  the  density  of  this  top  layer  is  gradually  increased. 
After  this  comparatively  dense  material  attains  a  thickness  of  a 
few  inches,  it  prevents  free  circulation  of  the  air  into  the  muck 
below,  and  then  drying  and  decay  are  much  slower  in  their  action. 
Eventually,  this  layer  attains  such  a  thickness  that  further  subsidence 
of  the  surface  is  scarcely  noticeable. 

Cultivation  increases  the  subsidence  directly,  by  the  mechanical 
effect  of  weight  compacting  the  soil,  and  indirectly,  by  increasing 
the  action  of  drying  and  decay.  Muck  soils  which  are  so  soft  after 
drainage  that  they  will  not  permit  of  the  use  of  farm  animals  and 
machinery  are  compacted  from  4  to  6  in.  by  the  first  plowing.     This 
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first  plowing  is  usually  done  with  some  form  of  tractor,  with  broad 
wheels  which  cover  practically  all  the  surface  plowed.  Subsequently, 
when  the  muck  is  cultivated  with  farm  animals  and  machinery,  the 
surface  receives  unit  pressures  far  greater  than  those  exerted  by  the 
broad-wheeled  tractor,  and  a  further  compacting  results.  The  under- 
lying material,  which  is  turned  to  the  surface  by  plowing,  is  exposed 
to  a  greater  drying  action  than  would  otherwise  result.  Decay,  also, 
is  hastened  in  the  material  thus  brought  to  the  surface.  It  is  the 
experience  in  cultivating  newly-reclaimed  muck  soils  that,  for  a 
number  of  years  after  the  first  cultivation,  a  uniform  depth  of  plowing 
will  bring  to  the  surface  each  year  a  considerable  layer  of  muck 
which  was  undisturbed  by  the  previous  year's  plowing.  This  layer 
of  new  material  gradually  decreases  in  thickness,  as  the  thickness  of 
the  layer  of  plowed  material  gradually  increases.  Finally,  the  cul- 
tivated layer  attains  such  a  density  that  the  combined  forces  of  drying, 
decay,  and  compacting  reduce  its  thickness  very  little.  If  the  land  is 
not  plowed  deeper  than  this  layer,  the  subsidence  of  the  remaining 
muck  is  very  slow;  but,  if  the  land  is  plowed  deep  enough  to  reach 
undisturbed  muck,  further  subsidence  results. 

The  rate  at  which  these  agencies  cause  muck  soils  to  subside  has 
been  uncertain,  and  it  was  with  the  idea  of  getting  definite  infor- 
mation that  the  writer  was  authorized  to  make  comprehensive  field 
investigations.  The  work  was  undertaken  in  Southern  Louisiana  in 
the  spring  of  1915,  and  in  Florida  in  the  early  spring  of  1916.  The 
field  work  in  Louisiana  was  done  by  the  writer,  and  the  work  in 
Florida  by  Mr.  F.  E.  Staebner  under  the  direction  of  the 
writer.  In  all,  22  districts  were  examined.  The  investigations 
covered  muck  ranging  in  depth  from  a  few  inches  to  16  ft. ; 
it  included  undrained  muck,  that  which  had  been  under  culti- 
vation for  17  years,  and  that  which  had  such  a  large  percentage 
of  vegetable  material  that  it  would  perhaps  properly  be  classed  as 
peat;  it  also  included  other  muck  which  contained  a  large  percentage 
of  river  silt.  Profiles  were  run  on  the  drained  and  undrained  muck. 
Samples  of  muck  were  taken,  and  the  weight  of  the  dry  material,  per 
cubic  foot,  was  determined.  An  attempt  has  been  made  to  place 
all  the  information  gathered  on  the  profiles,  Figs.  1  to  13,  in  such 
a  manner  that  the  details  for  each  district  can  thus  be  more  readily 
grasped  than  from  lengthy  descriptions. 
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The  number  over  the  title  of  each  profile  on  Figs.  1  to  6  corre- 
sponds with  the  nvimber  on  the  map  of  Southern  Louisiana,  Plate  V, 
showing  the  reclamation  districts.  The  title  of  the  Florida  districts, 
Figs.  14  to  18,  gives  the  number  and  name  of  the  district,  and  the 
county  in  which  it  is  situated.  The  date  on  which  the  land  was 
first  drained  is  stated  on  each  profile;  in  practically  every  case  the 
land  Avas  saturated  continuously  before  drainage.  The  datum  for 
each  profile  is  arbitrary,  and  is  chosen  so  that  zero  is  below  any  ele- 
vation platted.  On  several  of  the  districts  in  Louisiana  the  levels 
were  referenced  to  the  Cairo  datum.     In  running  the  Florida  profiles. 


Saw   Grass  Muck,  Upper  Everglades 

Probable  average  depth  ot 

Drainage  1.0  it. 


SUBSIDENCE  OF 

MUCK  SOILS 

EASTERN  FLORIDA 

1916 


Fig.  11. 

access  was  not  always  possible  to  exact  mean  sea  level  datum,  but 
that,  in  all  cases,  is  approximately  the  datum.  The  upper  line  on 
nearly  every  profile  is  the  elevation  of  the  original  undrained  surface. 
Where  the  district  was  only  recently  drained,  the  present  surface  ele- 
vations were  usually  so  near  the  original  that  a  separate  line  for  the 
original  surface  is  not  shown.  It  will  be  noted  that  the  line  showing 
the  elevation  of  the  original  surface  is  usually  marked  "Original 
Surface  (Approx.)."  This  does  not  mean  that  there  is  any  doubt 
about  the  elevation  of  the  original  surface,  but  merely  that  the  line 
does  not  represent  an  actual  profile  taken  in  the  field  prior  to  drainage. 
In  the  Louisiana  investigations  the  elevation  of  the  original  surface 
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was  usually  determined  by  a  profile  taken  on  the  undrained  land 
parallel  with  the  one  on  the  drained  land  and  as  close  as  possible 
to  it.  Due  to  the  uniformity  in  the  elevations  of  the  land,  it  is  con- 
sidered that  the  error  introduced  by  this  method  would  not  be  greater 
than  0.2  ft.,  except  for  small  surface  inequalities.  Practically  all  the 
muck  lands  of  Southern  Louisiana  are  only  a  foot  or  two  above  sea 
level,  and,  as  shown  by  the  profiles,  are  almost  flat.  Before  drainage 
the  lands  are  saturated  continuously  and  usually  flooded  several  inches 


0   Stations 


deep.  The  elevation  of  the  undrained  land  around  a  district  could 
change  but  very  little,  except  for  a  slight  subsidence  due  to  the  slight 
surface  drainage  furnished  by  the  canals  along  the  levees  in  the  drained 
district.  Any  change  that  did  occur  would  make  the  apparent  sub- 
sidence of  the  drained  land  less  than  it  really  was.  In  running  the 
profiles  on  both  the  drained  and  the  undrained  lands,  the  elevations 
on  lines  perpendicular  to  the  profile  were  taken  at  frequent  intervals, 
which  showed  that  the  land  was  level  crosswise  to  the  profiles.  Where 
the  profile  is  marked  "Original   Surface",  data  were  available  which 
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were  taken  before  the  land  was  drained.  Although  the  elevation  of  the 
lands  examined  in  Florida  is  considerable,  such  lands,  also,  are  almost 
flat.  In  nearly  every  case  the  "Original  Surface  (Approx.)"  is  platted 
from  profiles  run  on  the  center  line  of  canals  since  constructed.  As 
shown  on  Figs.  14  to  18,  the  profiles  were  then  run  parallel  to  these 
canals  and  a  short  distance  from  them.     The  same  precautions  as  in 
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SCALE  OF  FEET 


10,000 


the   work   in   Louisiana   were  taken   in   order   to   make   sure  that  the 
land  did  not  slope  crosswise  to  the  line  of  profile. 

The  second  line  from  the  top  shows  the  surface  elevation  at  the 
time  the  profiles  were  run.  Notes  indicate  how  long  the  surface  had 
been  cultivated  at  that  time.  The  depth  and  spacing  of  the  field 
ditches  are  shown  on  some  of  the  profiles  by  vertical  lines  drawn  to 
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scale;  on  others  the  depth  and  spacing  are  indicated  by  a  note.  The 
small  maps,  Figs.  14  to  IS,  show  the  direction  of  the  small  field  ditches 
with  respect  to  the  profile.  Usually,  the  surface  near  the  deeper  ditches 
and  canals  is  lower,  because  that  portion  has  been  drained  deeper  and 
longer  and  has  been  cultivated  for  a  longer  time.  This  is  especially 
noticeable  on  District  No.  10  (Fig.  3).  Here  the  large  collecting 
ditches  are  at  intervals  of  about  half  a  mile.  From  the  first  they 
have  been   kept  at  a   depth   of  about   3   ft.     The  small  field   ditches 
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Fig.   15. 

between  these  collecting  ditches  have  been  in  very  poor  condition  most 
of  the  time  since  the  first  drainage,  the  average  depth  of  drainage 
being  about  1  ft.  until  the  latter  part  of  1914.  However,  when  it  was 
decided  to  cultivate  the  land  back  from  the  collecting  ditches,  the 
field  ditches  were  cleaned  out  to  a  depth  of  nearly  3  ft.  After  a 
few  years  more  of  cultivation  this  difference  in  subsidence  in  this 
particular  district  will  be  less  noticeable,  and  will  eventually  disappear. 
The  approximate  location  of  the  water-table  is  shown  by  another 
line.     As  the  2  months  previous  to  the  field  examinations  were  with- 
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out  rain,  the  water-table  was  uniformly  lower  than  usual.  Where 
this  line  is  marked  "Average  depth  of  drainage"  it  refers  to  the  aver- 
age condition,  rather  than  to  the  particular  one  which  existed  when 
the  examinations  were  made.  The  standard  depth  for  field  ditches 
in  these  lands  has  been  3  ft.  However,  the  ditches  deteriorate  very 
rapidly,  and  their  average  depth  has  been  about  2  ft.  In  most  of  the 
districts  the  average  depth  of  drainage  has  been  not  more  than  2  ft.. 
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and  for  a  large  portion  of  the  time  it  was  only  1  ft.  As  the  surface 
subsided  the  ditches  had  to  be  continually  deepened,  in  order  to  afford 
even  the  shallow  depth  of  drainage  just  mentioned.  As  a  general 
proposition,  it  might  be  stated  that  the  lands  on  which  the  profiles 
were  run  suffered  from  too  shallow  drainage  during  a  portion  of  the 
time  since  they  were  first  drained,  and  the  water-table  was  probably 
never  lowered  farther  below  the  surface  than  would  be  considered 
good  drainage  practice. 
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The  approximate  boundary  between  the  muck  and  the  underlying 
strata  is  shown  by  still  another  line.  Borings  and  excavations  were 
made  at  frequent  intervals,  but  there  was  no  attempt  to  get  a  corn- 
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Fig.  17. 
plete  and  accurate  profile  on  the  bottom  of  the  muck.     Quite  often, 
the  muck  merges  gradually  into  the  silty  clay  or  sand,  so  that  the 
boundary   between    the   two    can    be    determined    only    approximately. 
The  error  in  the  location  of  this  line  is  probably  not  more  than  0.5  ft. 
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Where  the  districts  had  been  cultivated  so  long  that  the  muck  had 
practically  disappeared,  this  line  is  omitted  from  the  profile. 

Samples  of  soil  were  taken  to  as  great  a  depth  as  possible,  in  both 
the  drained  and  undrained  muck,  and  in  such  a  manner  that  they 
form  a  continuous  column 
from  the  surface  down- 
ward. Each  sample  had  a 
depth  and  diameter  of  4 
in.,  except  on  the  first  dis- 
trict examined  in  Louisi- 
ana, where  the  depth  was 
6  in.  In  a  few  of  the  dis- 
tricts, a  small  layer,  per- 
haps 1  in.  thick,  inter- 
vened between  the  sam- 
ples, but,  though  allow- 
ance is  made  for  this  layer, 
in  the  depth  of  the  sample 
below  the  surface,  it  is 
considered  that  this  does 
not  affect  the  accuracy  of 
the  determination  of  the 
average  weight  of  the  soil. 
The  samples  were  all  sun- 
dried  as  rapidly  as  pos- 
sible, and  when  weighed 
were  apparently  complete- 
ly dry.  The  weight  of 
dry  material  per  cubic 
foot  of  original  sample 
was  then  calculated.  All 
these  samples  are  shown 
on  the  profiles  at  their  true  fig.  18. 

vertical  scale  and  location,  with  the  weight  of  dry  material  per 
cubic  foot.  By  adding  the  weights  of  the  various  layers  and 
correcting  for  the  fact  that  the  thickness  of  each  is  not  a 
foot,  the  total  weight  of  a  section  of  a  given  depth  can  be 
obtained.     Especial  attention  is  called  to  the  weight  per  cubic  foot 
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of  the  top  layer  of  drained  and  cultivated  muck.  The  soils  which 
have  been  cultivated  longest  are  the  heaviest.  The  weight  of  a  column 
of  muck  before  and  after  drainage  and  cultivation  can  be  obtained 
by  taking  the  weights  above  a  given  level.  This  should  be  taken  as 
deeply  as  the  samples  are  given  for  the  undrained  muck,  so  as  to 
get  as  low  as  possible  in  the  drained  portion.  The  layers  of  muck 
in  the  drained  portion  show  an  increase  in  weight  a  good  distance 
below  the  surface.  In  most  cases  the  column  weighs  less  after  drain- 
age and  cultivation,  due  to  loss  in  weight  by  decay. 

The  small  maps,  Figs.  14  to  18,  show  the  locations  of  the  Florida 
profiles.  These  profiles  were  referenced  so  that  they  can  always  be 
relocated  in  the  field.  Permanent  bench-marks  were  set  near  all 
of  them.  Thus  it  will  be  possible  from  time  to  time  to  measure 
additional  subsidence  of  the  surface  shown  on  these  profiles.  Oppor- 
tunity was  offered  in  1916  to  repeat  the  profiles  on  the  first  district 
examined  in  Louisiana.  The  profile  shows  very  clearly  that  a  lowering 
of  the  water-table  changed  the  elevation  of  the  deep  muck  on  this 
district.    As  yet,  there  has  been  no  repetition  of  the  other  profiles. 

It  is  the  intention  of  the  Division  of  Drainage  Investigations  to 
repeat  these  profiles  at  regular  intervals  for  a  long  term  of  years. 
WTiere  sufficient  time  has  elapsed  to  make  a  considerable  change  in 
the  elevation  and  character  of  the  soil,  samples  of  the  soil  will  be 
taken,  and  the  weight  of  dry  material  will  be  determined,  as  in  the 
original  investigations.  These  profiles  will  thus  form  a  history  of 
the  drainage  of  each  district. 

It  is  clearly  evident  that  in  planning  drainage  improvements  for 
areas  of  deep  muck  land,  some  provision  should  be  made  for  the 
gradual  but  certain  decrease  in  elevation  of  the  surface.  In  relatively 
small  districts,  where  drainage  is  secured  by  pumps,  this  decrease  can 
be  met  easily  by  lengthening  the  suction  pipes  on  the  pumps.  As 
the  drainage  channels  in  such  soft  soils  require  considerable  main- 
tenance in  the  earlier  years  of  drainage,  they  can  be  deepened  accord- 
ingly. Where  the  land  is  drained  by  gravity,  the  elevation  of  the 
water  at  the  outlet  is  usually  fixed,  and  a  change  in  elevation  of 
the  land  to  be  drained  will  mean  a  revision  of  the  hydraulic  gradient 
in  the  main  drainage  channels,  with  the  consequent  change  in  width 
and  depth  of  the  channels. 


420         DISCUSSION :  subsidence  of  muck  and  peat  soils 
DISCUSSION 


Mr.  Ahthur  E.  Morgan*  M.  Am.  Soc.  C.  E.  (by  letter).— As  there  are 

■  several  million  acres  of  muck  and  peat  lands  in  the  United  States,  any 
information  relative  to  their  character  is  of  material  importance.  Mr. 
Okay's  paper  is  one  of  comparatively  few  contributions  of  definite 
value  on  this  subject  which  have  been  made  in  the  United  States.  It 
indicates  conclusively  that  any  project  for  the  reclamation  of  muck  or 
peat  lands  which  ignores  the  probability  of  very  great  soil  settlement 
has  omitted  a  vital  factor  in  the  problem. 

Although  Mr.  Okey's  studies  have  established  the  fact  of  very  great 
subsidence  in  drained  muck  soils,  yet  few,  if  any,  of  his  measurements 
were  made  in  those  soils  where  the  greatest  subsidence  would  take 
place.  Most  of  his  measurements  in  Southern  Louisiana  were  of  neces- 
sity on  soils  which,  for  a  long  time,  have  been  subject  to  occasional 
overflow  by  the  Mississippi  and  have  received  more  or  less  silt  deposit. 
The  muck  a  mile  from  Lake  Okeechobee  and  that  near  Davie,  in 
Florida,  is  already  partly  decomposed,  and,  therefore,  a  certain  amount 
of  compacting  had  taken  place  long  before  the  first  records  of  ground 
surface  elevations  were  made.  The  great  interior  of  the  Everglades  is 
composed  of  a  coarse  brown  fibrous  peat,  in  which  even  a  materially 
greater  subsidence  may  be  expected  than  in  most  of  the  cases  recorded 
by  Mr.  Okey.  Tests  by  burning  show  the  ash  content  of  Louisiana 
muck  south  of  ISTew  Orleans  to  be  from  20  to  50%  of  the  dry  weight 
of  the  raw  muck.  The  ash  content  of  the  interior  of  the  Everglades, 
as  recorded  by  the  United  States  Soil  Survey,  is  from  3  to  6%,  accord- 
ing to  the  writer's  remembrance. 

Engineers  of  the  Morgan  Engineering  Company  recently  spent 
about  6  months  in  making  a  detailed  examination  of  more  than  150 
tracts  of  muck  lands  in  various  parts  of  the  United  States,  principally 
in  the  Atlantic  Coast  States.  It  appears  that  the  terms  "peat"  and 
"muck"  are  used  to  cover  a  wide  variety  of  soils  and  soil  conditions. 
In  New  York,  Pennsylvania,  and  the  adjoining  States,  there  are  con- 
siderable areas  of  muck  lands  formerly  covered  with  dense  grovrths  of 
hardwood  and  cedar.  This  soil  is  well  decomposed.  When  first  drained; 
it  is  brown,  but,  in  a  year  or  two,  it  turns  black  and  has  the  granular 
appearance  of  old-fashioned  gunpowder.  When  cleared  and  put  in 
cultivation  this  is  the  finest  truck  garden  soil  to  be  found  in  the  United 
States,  and  such  muck  areas  commonly  sell  for  from  two  to  five  times 
as  much  per  acre  as  the  adjoining  loam  soils.  The  high  value  is  due 
not  primarily  to  great  fertility,  but  to  the  exceptional  ease  with  which 
such  land  may  be  tilled,  to  its  unusual  capacity  for  retaining  capillary 
water,  and  to  its  loose  texture,  which  makes  perfect  root  development 
possible. 

*  Dayton,  Ohio. 


discussion:  subsidence  of  muck  and  peat  soils         431 

At  the  other  extreme  of  soils  of  this  class  is  the  coarse  brown  fibrous  Mr. 
peat,  great  areas  of  which  occur  in  Minnesota,  Wisconsin,  and  Florida,  '^''S^^' 
as  well  as  in  Canada  and  many  parts  of  Europe.  Nowhere  does  one 
find  records  of  the  profitable  use  of  this  soil  for  cultivation,  except  in 
rare  cases  after  long  and  painstaking  effort  for  its  reduction.  Most 
of  this  worthless  brown  peat  occurs  in  open  marshes,  though  such 
marshes  also  have  produced  some  excellent  muck.  Between  the  valu- 
able muck  lands  of  the  hardwood  forests  and  the  worthless  brown  peat 
of  the  open  marshes  there  is  every  degree  of  composition  and  every 
condition  of  decay  and  settlement.  Similarly,  as  to  the  content  of 
mineral  matter,  there  is  every  degree  of  variation,  from  the  peat  of 
the  Everglades  and  of  Minnesota  wire-grass  marshes,  which  on  burn- 
ing leave  only  3%  of  ash,  to  muck  areas  so  impregnated  with  silt  by 
the  frequent  overflow  of  muddy  water  that  the  soil  on  burning  loses  only 
one-third  or  one-fourth  of  its  weight.  Naturally,  the  mineral  content 
affects  directly  the  possibility  of  subsidence.  Mr.  Okey's  paper  would 
have  been  of  still  greater  value  if  he  had  recorded  the  percentage  of 
ash  in  the  various  classes  of  muck  investigated. 

Perhaps  no  other  soils  in  the  United  States  are  so  imperfectly 
known,  or  vary  so  much  between  the  highest  agricultural  value  and 
complete  worthlessness,  and  probably  no  other  soils  have  been  so  ex- 
ploited by  promoters — sales  of  worthless  peat  being  made  on  the  repu- 
tation of  valuable  black  muck.  A  continuation  of  this  investigation, 
as  suggested  by  Mr.  Okey,  would  add  greatly  to  the  knowledge  neces- 
sary for  their  economical  development.  The  most  significant  inference 
from  the  paper  is  that,  in  consideration  of  the  extremely  flat  gradients 
which  sometimes  are  all  that  are  possible,  and  the  comparatively  nar- 
row range  of  fluctuation  in  grovmd-water  level  suitable  for  successful 
muck  land  agriculture  in  the  South,  all  efforts  to  secure  satisfactory 
gravity  drainage  in  certain  notable  imdertakings  for  the  reclamation 
of  peat  and  muck  lands  must  be  failures,  and  that  the  only  hopeful 
prospect  in  these  particular  cases  is  for  drainage  by  pumping. 

Orrin  Eandolph,*   Assoc.   M.   Am.   Soc.   C.   E.    (by  letter). — Mr.       Mr. 
Okey  has  furnished  information  on  a  subject  of  prime  importance  in     ^""^ 
connection  with  the  drainage  of  muck  lands,  and  his  investigations, 
when  completed,  should  make  possible  a  more  accurate  forecast  of  the 
behavior  of  these  soils  after  the  water-table  has  been   lowered   and 
farming  operations  have  been  conducted. 

The  author  has  collected  some  of  his  data  in  Louisiana  and  the 
remainder  in  Florida,  and  the  soil  samples  which  have  been  examined 
have  differed  very  materially,  as  is  shown  by  the  weights  that  were 
found.  This  wide  difference  in  the  nature  of  the  material  examined 
has  produced  results  from  which  it  becomes  difficult  to  draw  general 
conclusions. 

*  Lake  Worth,  Fla. 
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Mr.  However,  the  observations  made  on  the  unfarmed  saw  grass  muck 

Randolph,  j^^^g  q£  Florida  constitute  a  set  of  experiments  on  soil  which  is  com- 
paratively uniform  in  character  and  from  which  certain  deductions 
may  be  made. 

By  making  use  of  the  actual  weights  shown  on  the  five  Florida 
profiles  of  unfarmed  saw  grass  muck,  and  reducing  the  weight  of  each 
foot  in  depth  to  its  percentage  of  the  total  weight  of  the  sample 
from  which  it  is  taken,  a  set  of  results  is  obtained  as  shown  in  Table  2. 
An  examination  of  Table  2,  in  connection  with  the  graphic  illus- 
tration, Fig.  19,  shows  the  percentages  of  weights  which  were  foimd. 


TABLE  2.— 

Percentage, 

IN  Weight,  of  Total  Sample. 

1st 

3d 

3d 

4th 

5th 

6th 

7th 

8th 

9th 

it  ■ 

■53  £^ 

0,5  c 
s  o  =" 

Location. 

foot. 

foot. 

foot. 

foot. 

foot. 

foot. 

foot. 

foot. 

foot. 

Fellsmere  District 
Lat.  Q.  North... 

12.8 

9.3 

10.2 

12.1 

13.4 

12.4 

9.5 

9.9 

10.4 

6.33 

Fellsmere  District 
Lat.  Q.  South... 

9.9 

9.0 

9.2 

10.5 

10.2 

14.4 

12.8 

11.1 

12.9 

5.56 

Fellsmere  District 
Lat.  S.  North.... 

9.3 

9.5 

10.9 

10.9 

14.7 

14.0 

11.0 

10.5 

9.2 

5.09 

Indian   River  Dis- 

6.3 
12.1 

8.1 
8.9 

9.0 

9.8 

9.7 
11.3 

11.9 
11.7 

13.1 
13.1 

11.9 
10.0 

13.3 
9.4 

16.7 
13.7 

8.86 

Upper  Everglades 
District,      Okee- 

6.19 

Totals   

50.4 

44.8 

49.1 

54.5 

61.9 

67.0 

55.2 

54.2 

62.9 

.32.03 

Averages  

10.08 

8.96 

9.82 

10.90 

13.38 

13.40 

11.04 

10.84 

12.58 

6.406 

In  these  five  cases  the  average  lowering  of  the  water-table  below 
the  surface  was  2.3  ft.  The  average  subsidence  was  1.6  ft.,  and  the 
time  the  land  had  been  drained,  although  not  given  in  every  case, 
would  probably  average  about  2  years. 

It  would  appear  from  the  results  fovind,  and  from  observations  of 
the  writer,  that  the  subsidence  of  saw  grass  muck,  due  to  a  lowering 
of  the  water-table,  takes  place  somewhat  uniformly  over  the  entire 
depth  of  muck,  and  that  it  is  not  confined  to  that  portion  of  the  muck 
which  stands  above  the  water-table.  It  also  appears  that  the  depth 
of  subsidence  due  to  this  cause  is  dependent  on  the  depth  to  which 
the  water-table  has  been  lowered,  as  well  as  the  time,  within  certain 
limits,  that  has  elapsed  after  the  drainage  operations  have  become 
effective. 
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The  author  did  not  explain  his  method  of  obtaining  and  ascertaining       Mr. 
the  weight  of  the  samples,  and  it  is  to  be  hoped  that  this  information  K^^f^oipi^' 
will  be  given,  so  that,  in  case  independent  observations  are  made,  a 
basis  of  comparison  of  results  may  be  had. 


AVERAGE  PERCENTAGE;  IN  WEIGHT, 
OF  FIVE  FLORIDA  SAMPLES 
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Fia.  19. 

EuDOLPH  Hering,*  M.  Am.  Soc.  C.  E. — This  paper  forms  an  excel- 
lent contribution  on  a  subject  which  has  not  as  yet  been  fully  covered, 
and,  having  had  some  experience  with  it  in  the  City  of  New  Orleans, 
the  speaker  desires  to  add  a  few  remarks  thereon.  On  both  sides  of 
the  city  lie  some  of  the  shaded  areas  referred  to  by  the  author.  About 
27  years  ago,  it  was  decided  to  build  a  sewerage  system  in  New 
Orleans;  but  there  was  much  opposition  to  the  usual  method  of  design. 
It  was  feared  that  the  city  buildings  would  collapse  by  the  drying 
and  settling  of  the  soil  in  consequence  of  under-drainage. 

A  system  was  suggested  by  the  late  Col.  Greorge  E.  Waring,  Jr., 
of  keeping  the  sewers  quite  near  the  surface  and  pumping  the  sewage 
frequently.  Another  was  suggested  by  Mr.  Broughton,  adopting  the 
Shone  system,  which,  at  frequent  intervals,  caused  the  sewage  to  be 
pumped  automatically  by  compressed  air.  A  profile  of  a  sewer  built 
on  such  a  system  would  look  like  a  saw. 

The  speaker  was  engaged  in  1892  to  give  an  opinion  on  these  propo- 
sitions, somewhat  novel  and  covering  a  difficult  problem.  It  was  sug- 
gested to  make  some  excavation  tests.  The  ground-water  level  in 
New  Orleans  stood  quite  near  the  surface,  and  the  material  consisted 
of  clay  and  very  fine  sand,  with  some  organic  matter.  The  clay  was 
more  than  half  of  the  bulk.     Consequently,  it  was  impracticable  to 

*  New  York  City. 
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Mr.  have  any  cellars  in  the  city,  and,  in  the  cemeteries,  the  bodies  were 
'  buried  in  mounds  above  the  general  surface. 

To  drain  this  soil  would  mean  shrinkage,  and  the  question  was, 
how  much  and  how  soon?  A  test  pit  was  dug,  about  5  ft.  square  and 
about  25  ft.  deep.  It  was  found  that  one  man  excavating  could  also 
keep  the  pit  bailed  out  with  a  bucket.  The  water  oozed  out  of  the 
material  very  slowly;  at  no  place  was  there  any  current.  In  a  very 
few  days,  the  pit,  if  left  to  itself,  would  fill  with  water. 

It  was  concluded  that  if  the  sewers  were  built  rapidly,  so  that 
the  trenches  would  not  remain  open  long,  they  could  be  readily  built, 
even  at  a  depth  of  25  ft.  The  whole  system  was  designed  accordingly, 
built  with  no  special  trouble,  and  is  in  a  satisfactory  condition  to-day. 
Along  one  block  on  Canal  Street,  the  trench  was  oi>en  for  some  time, 
and  a  crack  occurred  parallel  to  the  street  several  hundred  feet  away. 

George  G.  Earl,  M.  Am.  Soc.  C.  E.,  the  Chief  Engineer,  kept  very 
close  watch  of  the  work,  and  the  amount  of  damage  on  such  an  exten- 
sive and  diiEcult  job  was  very  small.  It  was  naturally  deemed  essential 
to  have  the  sewers  as  tight  as  practicable,  not  only  because  of  the 
natural  drainage,  but  also  because  of  the  necessary  pumping  of  all 
the  sewage. 

There  were  many  heavy  stone  buildings  in  the  city,  but  in  most 
cases  they  were  founded  on  piles  or  grillage.  In  special  cases,  it  was 
believed  that  it  might  be  required  to  deepen  the  foundations  or  protect 
them  from  deterioration.  It  has  proved  that,  up  to  the  present,  the 
gradual  and  slow  draining  of  the  subsoil  has  enabled  the  necessary 
precautions  against  collapse  to  be  taken,  and  very  little  serious  trouble 
has  been  caused.  It  has  also  been  proA^ed  that  it  is  now  feasible  to 
have  cellars  for  the  buildings. 

The  speaker  believes  that  these  good  results  are  due  partly  to  the 
good  construction  of  the  sewers,  partly  to  the  fact  that  the  surface 
is  mostly  impervious — owing  to  the  buildings  and  good  pavements  and 
the  quick  removal  of  rain  water  by  a  special  drainage  system — and 
partly  to  the  watchfulness  of  the  authorities. 

To  build  a  sewer  system  in  a  material  that  was  practically  "muck" 
was  certainly  an  interesting  proposition.  Of  great  importance  as 
preliminaries,  in  the  speaker's  opinion,  were  a  physical  analysis  of 
the  soil,  a  minimum  length  of  open  trench,  and  rapid  but  very  care- 
ful construction. 

The  speaker  admits  what  Mr.  Coleman  says,  relative  to  the  differ- 
ence in  the  soils  described,  but  the  author's  remarks  apparently  refer 
also  to  the  Areas  35,  36,  and  37  indicated  on  the  map,  and  these  imme- 
diately adjoin  the  City  of  New  Orleans.  The  soils,  therefore,  are 
probably  not  very  different.  The  speaker  wishes  to  add  that,  as  it  is 
impracticable   with   ordinary    sewer   construction    to   have   the    sewers 
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absolutely   water-tight,   the  ground  under   the   city   would   eventually     Mr. 
and  gradually  drain  itself.     It  was  concluded  that  the  shrinkage,  so     ^'''°^- 
far  as  it  would  go,  would  have  to  be  very  slow,  and  could  and  should 
be  observed  and  suitable  provisions  made  to  prevent  any  serious  dis- 
turbances. 

J.  F.  Coleman,*  M.  Am.  See.  C.  E. — The  speaker  has  been  quite  ^  Mr 
familiar  with  the  author's  investigations  throughout  the  entire  period 
of  the  operations  in  these  peat  soils,  and  has  been  kept  informed  of  all 
the  work  which  he  has  done,  and  with  what  the  governmental  depart- 
ment expects  to  do.  The  speaker  fully  agrees  with  the  remarks  of 
Mr.  Morgan  to  the  effect  that  the  information  to  be  gathered  by  this 
series  of  investigations  and  measurements  will  be  of  inestimable  value 
to  those  who  have  to  deal  with  drainage  and  reclamation  projects  on 
these  peat  and  muck  lands. 

The  speaker  has  listened  with  considerable  interest  to  the  remai-ks 
of  Mr.  Hering  on  the  subject;  but  feels  quite  sure  that  Mr.  Okey's 
paper  does  not  intend  to  deal  with  the  particular  kind  of  soil  which 
Mr.  Hering  and  his  associates  encountered  in  connection  with  the 
sewerage  and  drainage  of  the  City  of  New  Orleans. 

The  judgment  which  they  expressed  to  the  City  authorities  has 
been  amply  sustained  since  that  time,  for  the  reason  that  there  has 
been  no  appreciable  subsidence  of  buildings  in  New  Orleans,  due  to 
the  subsidence  of  the  soil  on  which  they  rested;  and  the  only  troubles 
from  which  buildings  have  suffered  as  a  result  of  this  drainage  has 
been  due  to  the  fact  that  many  of  the  old  ones,  which  were  constructed 
on  spread  foundations,  had  those  foundations  imposed  on  grillage  of 
timber;  and,  in  some  instances — the  number  of  instances  is  rapidly 
multiplying  now — the  lowering  of  the  line  of  saturation  has  caused 
a  decay  in  the  timber  grillage,  and  some  foundations  are  beginning 
to  need  treatment  as  a  result. 

The  soil,  however,  with  which  Mr.  Okey's  paper  deals,  may  be 
more  fairly  denominated  as  peat,  in  so  far  as  Southern  Louisiana  is 
concerned.  It  is  a  soil  which,  under  no  circumstances,  would  carry 
a  greater  load  for  spread  foimdations,  for  example,  than  from  100  to 
250  lb.  per  sq.  ft.,  whereas  the  soil  of  New  Orleans,  in  the  area  that 
has  been  dealt  with  in  the  drainage  and  sewerage  system,  will  support 
from  750  to  1  500  lb.  per  sq.  ft. 

The  soil  of  New  Orleans  has  been  overflowed,  in  years  gone  by, 
by  the  Mississippi  River,  and  portions  of,  the  original  muck  soil  there 
have  been  very  completely  filled  over  with  sand  and  silt,  which  would 
be  indicated  by  the  analysis  which  Mr.  Hering  mentioned,  showing 
about  50%  of  sand  and  quite  a  considerable  quantity  of  clay  in  addi- 
tion; whereas,  in  the  peat  or  muck  soil  of  Louisiana,  as  described  in 
Mr.  Okey's  paper,  there  is  virtually  no  sand. 
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station,  and  has  been  thus  maintained  for  a  period  of  months,  it  takes 
little  or  nothing  to  set  fire  to  that  soil  during  a  dry  spell;  and  it  will 
burn  down  to  the  water-table.  In  fact,  to  fight  these  fires  they  excavate 
ditches  surrounding  the  fire  down  to  the  line  of  saturation;  so  that 
they  are  truly,  or  almost  truly,  peat  lands.  The  material ,  may  be 
excavated  from  them  and  made  into  briquettes  for  fuel. 

Mr.  William  T.  Lyle,*  Assoc.  M.  Am.  Soc.  C.  E.  (by  letter). — An 
extensive  deposit  of  muck  and  peat  occupied  25%  of  the  area  of  the 
tract  set  apart  by  the  Essex  County  Park  Commission,  in  Newark, 
N.  J.,  as  Westside  Park.  This  park  covers  six  city  blocks,  and  has 
an  area  of  24  acres.  The  western  half  of  the  park  is  high,  and  the 
eastern  half  low.  In  the  latter  part,  especially  to  the  southeast,  there 
is  a  muck  and  peat  deposit  having  a  depth  of  35  ft.  the  development 
of  which  was  the  most  important  feature  of  the  park  work. 

The  general  contract  included  the  following  operations.  First,  the 
entire  site,  with  the  exception  of  the  bog,  was  stripped  of  its  top  soil. 
This  was  placed  in  two  large  piles  with  spiral  drives.  The  necessary 
excavation  and  embankment  was  then  made  to  bring  the  surface  to 
sub-grade.  On  the  site  of  the  bog,  the  landscape  architects,  Olmsted 
Brothers,  of  Brookline,  Mass.,  planned  a  large  artificial  pond  involving 
the  removal  of  muck  and  peat  to  the  depth  of  10  ft.  Most  of  this 
material  was  used  as  filling  on  the  prepared  upland  sub-grades  and  in 
the  construction  of  a  border-mound  along  Fourteenth  Street.  The 
remainder  was  hauled  away  to  Branch  Brook  Park  for  use  as  a  fer- 
tilizing top  soil.  To  maintain  a  shore  on  the  eastern  side  of  the  pond, 
the  plans  of  the  chief  engineer,  Howard  J.  Cole,  M.  Am.  Soc.  C.  E., 
called  for  a  timber  bulkliead  of  piles,  driven  close,  with  every 
fifth  pile  battered  to  act  as  a  brace.  In  front  of  the  bulkhead, 
that  is,  on  the  pond  side,  good  upland  sub-soil  was  deposited.  After 
settlement,  this  fill  was  trued  up  to  the  finished  surfaces.  The  muck 
and  peat  were  removed  from  the  pond  by  tram,  by  wagon,  by  derrick, 
and  by  cableway. 

The  other  main  contract  items  were  sewers,  water  pipes,  paths, 
and  retaining  walls. 

The  upper  layer  of  material  removed  from  the  lake  was  black, 
and  is  defined  as  "muck"  by  Mr.  Okey.  Its  depth  was  from  4  to  5  ft. 
It  was  composed  mainly  of  vegetable  matter,  but  contained  a  little 
mineral  matter  also.  The  surface  of  the  deposit,  before  the  work  was 
begun,  was  sufficiently  firm  to  support  a  loaded  wagon.  After  being 
dried  in  an  oven,  the  muck  could  be  burned  like  coal.  Below  it  there 
was  a  brovtm  colored  peat,  which,  in  its  natural  condition,  weighed 
but  little  more  than  water.     In  it  could  be  seen  the  imprint  of  the 
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leaves  of  prehistoric  trees,  and  it  contained  many  well-preserved  roots  Mr. 
or  "snags".     The  peat  was  found  to  be  very  tenacious  of  its  water,  ^^'^' 
even  when  piled  on  the  shore,  but,  when  dried  in  an  oven,  proved  to 
be  good  fuel. 

To  construct  the  bulkhead,  23  000  lin.  ft.  of  piles  were  driven.  In 
the  preliminary  investigation  which  led  up  to  the  design,  soundings 
were  made  along  the  proposed  shore  line  and  at  various  other  places. 
This  work  was  done  by  one  man.  The  method  was  as  follows:  A 
hole,  1  ft.  or  more  deep,  was  first  dug  in  the  crust,  and  a  5-ft.  length 
of  gas  pipe  was  driven  down  with  a  maul.  To  it  was  coupled  another 
length,  which  was  driven  in  the  same  manner,  and  so  on  until  hard 
bottom  was  reached.  The  pipe  was  raised  with  a  chain  and  a  lever 
by  the  man  who  did  the  driving.  It  contained  a  core  of  the  material 
through  which  the  sounding  rod  had  passed,  with  a  short  core  of 
white  sand  at  the  bottom.    The  same  pipe  was  used  repeatedly. 


TIMBER  BULKHEAD  AND  SUBSOIL 
FILLING  TO  FORM  ARTIFICIAL  SHORE. 
Fig.   20. 

During  the  construction,  which  took  place  in  1899  and  1900,  and 
also  after  the  completion  of  the  work,  the  following  interesting  obser- 
vations were  made. 

The  water  level  shown  on  the  plan,  which  was  set  at  196.0,  for 
reasons  of  economy,  has  not  been  maintained,  its  average  value  being 
about  3  ft.  lower.  As  a  consequence,  the  soil  to  the  east  and  south 
of  the  shore  line  has  drained  into  the  lake.  Back  of  the  bulkhead, 
at  a  place  where  the  depth  to  the  hard  sub-stratum  is  from  30  to  35 
ft.,  the  settlement  since  the  completion  of  the  work  is  about  0.75  ft. 
In  terms  of  the  distance  down  to  the  water-table,  this  settlement  is 
about  15  per  cent.  There  had  been  a  probable  equal  settlement  during 
construction,  thus  making  the  total  shrinkage  about  30  per  cent.  In 
making  the  fill  in  front  of  the  timber  bulkhead,  the  engineers  were 
reasonably  sure  that  equilibrium  would  be  attained  before  the  deposited 
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Mr.  material  reached  solid  bottom.  This  was  found  to  be  the  case.  The 
^  ^'  upland  soil  dumped  over  the  bulkhead  displaced  an  equal  volume  of 
peat  which  had  to  be  removed  by  cableway.  In  order  to  guarantee  a 
more  or  less  stable  equilibrium,  the  fill  was  carried  about  3  ft.  above 
the  finished  grade,  and  after  a  few  months  the  surplus  material  was 
removed  in  bringing  the  fill  to  the  finished  surfaces.  Since  the  com- 
pletion of  the  work,  however,  there  has  been  a  settlement  of  about 
2  ft.,  leaving  the  tops  of  the  piles  exjwsed  above  the  beach. 

Another  interesting  phenomenon  'was  noticed  when  trenches  were 
opened  in  the  muck.  A  trench  4  or  5  ft.  deep  and  2i  ft.  wide  could 
easily  be  excavated  without  sheathing,  but,  if  left  open  for  more  than 
12  hours,  would  gradually  close,  the  sides  remaining  as  vertical  surfaces. 
Ditches  2^  ft,  wide  in  the  afternoon  were  sometimes  found  to  be  only 
6  in.  wide  the  next  morning. 

Water  Surface 

Lake  Bottom  _  — ^ —  -~~Z^ 


Piles    \\        f  Peat  ___ 

__^——"ftard  Bottom 

TYPICAL  SECTION  OF   POND  AT  WESTSIDE  PARK. 
Fig.   21. 

Where  muck  and  peat  were  used  on  upland  sub-grades,  allowance 
was  made  for  shrinkage,  and  top  soil  was  not  applied  until  the  wet 
material  had  been  exposed  to  the  air  for  several  weeks.  Not  more 
than  2  ft.  of  soft  material  was  ordinarily  used.  There  has  been  but 
little  settlement.  As  was  expected,  the  peat  was  incapable  of  supporting 
vegetable  life  until  decomposition  had  taken  place.  It  then  gave  rise 
to  luxuriant  growths. 

Mr.  William  H.  Kimball,*  M.  Am.  Soc.  C.  E.  (by  letter). — This  paper 

Kimball,  ^jgggj-ygg  careful  study  by  those  engineers  who  have  to  deal  with  the 
reclamation  of  peat  and  muck  soils,  and  they  will  follow  with  interest 
the  continuation  of  the  observations. 

The  paper  and  its  discussion  show  that  engineers  are  justified  in 
examining  critically  some  of  the  previously  published  conclusions 
regarding  the  probable  settlement  of  muck  soils  after  drainage. 

The  writer  is  somewhat  familiar  with  Florida  drainage  work,  as 
he  has  been  in  charge  of  the  Vero  Drainage  District  since  1913,  is 
familiar  with  the  investigations  made  there  under  Mr.  Okey's  direc- 
tion, and  believes  that  the  statements  show  the  true  conditions  for 
that  area.  The  muck  of  the  Vero  District,  however,  is  of  shallow  depth, 
compared  with  other  Florida  projects,  and  is  not  as  representative  of 
what  naay  be  anticipated  as  are  the  investigations  in  the  Everglades. 
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The  paper  and  its  discussion  have  made  evident  the  great  variation      Mr 
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in  the  character  of  soils  referred  to  as  muck  and  peat,  and  emphasize 
the  importance  of  a  careful  soil  analysis  in  each  case. 

In  the  writer's  opinion,  Mr.  Okey's  paper  is  most  timely  and 
valuable,  and  the  serious  results  that  may  arise  from  failure  to  antici- 
pate the  subsidence  of  muck  and  peat  soils  after  drainage  and  cultiva- 
tion are  forcibly  presented. 

S.  H.  McCrory,*  M.  Am.  Soc.  C.  E.  (by  letter). — Since  the  paper  ,^  Mr 
was  written  by  Mr.  Okey  a  number  of  the  profiles  have  been  run 
again.  The  data  obtained  show  that  subsidence  has  occurred  in  each 
district  where  the  profiles  have  been  repeated.  In  some  districts 
it  has  been  small,  in  others  quite  large.  In  the  Little  Woods 
Drainage  District  in  Orleans  Parish,  Louisiana,  the  water  was  held 
low  in  the  canals  and  the  soil  was  well  drained;  however,  the  new 
profile  shows  very  little  additional  subsidence.  Undoubtedly  this  is  due 
to  the  fact  that  the  tract  has  been  drained  for  from  5  to  7  years,  and 
the  surface  soil  has  been  quite  thoroughly  compacted  by  drying,  decay, 
and  cultivation.  It  appears,  as  would  be  expected,  that  the  subsidence 
and  its  rate  depend  largely  on  the  depth  of  drainage,  and  that  the 
rate  is  most  rapid  immediately  after  the  drains  are  constructed  or 
are  deepened. 

Subsidence  occurs  in  all  muck  and  peat  soils  when  they  are  drained, 
and  this  must  be  taken  into  account  when  the  drainage  of  such  soils 
is  planned.  The  writer  has  examined  projects  in  North  Carolina,  New 
York,  Michigan,  Minnesota,  and  California,  where  drainage  systems 
have  been  made  ineifective  by  this  lowering  of  the  ground  surface. 
The  muck  and  peat  areas  usually  are  nearly  level,  and  when  gravity 
outlets  are  used  for  drainage  the  grades  of  the  drains  are  very  flat. 
Under  such  circumstances,  lowering  the  surface  only  a  few  feet  will 
decrease  seriously  the  cross-section  and  the  capacity  of  the  ditch,  thereby 
requiring  that  the  drain  be  deepened  or,  in  some  cases,  that  pumping 
plants  be  put  in.  If  the  layer  of  muck  or  peat  is  not  deep  and  it  is 
underlain  by  a  good  soil,  subsidence  usually  will  not  be  a  serious  matter; 
but  when  this  top  soil  is  of  considerable  depth,  or  is  underlain  by 
hard  rock  or  sand,  the  construction  of  a  drain  that  will  be  permanently 
satisfactory  may  be  impossible. 

The  information  that  the  writer  has  been  able  to  obtain  in  regard 
to  subsidence  of  muck  and  peat  soils  in  the  Northern  States  is  rather 
meager,  but  apparently  the  percentage  is  about  the  same  as  in  the 
Southern  States,  though  the  rate  is  somewhat  slower. 

Charles  W.  Okey,!  Assoc.  M.  Am.  Soc.  C.  E.  (by  letter). — The  Mr. 
discussion  contributed  by  Mr.  Morgan  furnishes  further  valuable  infor-  ^^ 
mation  in  regard  to  the  characteristics  of  muck  and  peat  soils,  and 
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■  of  course,  is  due  to  the  circumstances  under  which  they  were  formed. 
Although  there  are  variations,  due  to  the  nature  of  the  vegetable  life 
which  furnished  the  vegetable  content  of  the  soil,  the  principal  factor 
to  be  considered  is  whether  or  not  the  waters  near  which,  or  in  which, 
the  muck  or  peat  is  formed  carry  silt  from  other  locations  into  or 
over  those  areas.  Muck  and  peat  soils  are  formed  in  poorly  drained 
areas  lower  than  the  surrounding  land,  and  therefore  receive  the 
drainage  from  the  higher  areas.  In  relatively  small  areas  of  such 
soils,  and  particularly  when  the  surrounding  slopes  are  pronounced, 
there  is  a  heavy  percentage  of  silt.  On  the  other  hand,  in  large  areas, 
such  as  border  the  coast  of  the  Atlantic  States,  as  exist  in  Minne- 
sota, Florida,  and  Southern  Louisiana,  the  mineral  content  is  low, 
except  for  overflows  of  the  larger  silt-bearing  streams.  The  soils  of 
Southern  Louisiana  have  a  relatively  high  mineral  content  because 
the  Mississippi  River,  with  its  enormous  burden  of  silt,  has  actually 
formed  a  good  portion  of  the  State  of  Louisiana,  and  the  river  has 
been  able  to  furnish  enough  flood  waters  to  reach  practically  every 
portion  of  the  alluvial  region.  On  the  other  hand,  the  Everglades  of 
Florida  have  been  formed  in  clear  waters,  and,  except  for  a  small  strip 
along  the  southern  shore  of  Lake  Okeechobee,  have  received  no  alluvial 
deposit. 

Although  the  percentage  of  ash  was  not  determined  for  the  soils 
examined,  samples  in  sealed  containers  were  sent  to  the  Office  of 
Public  Roads  and  Rural  Engineering  by  the  writer  when  the  investi- 
gations were  made,  and,  if  these  samples  have  been  preserved,  the 
determination  could  yet  be  made. 

Mr.  Randolph  makes  this  statement: 

*'It  would  appear  *  *  *  that  the  subsidence  of  saw  grass  muck, 
*  *  *  takes  places  somewhat  imiforraly  over  the  entire  depth  of 
muck,  and  that  it  is  not  confined  to  that  portion  of  the  muck  which 
stands  above  the  water-table." 

In  the  sentence  following  he  also  states : 

"It  also  appears  that  the  depth  of  subsidence  due  to  this  cause  is 
dependent  on  the  depth  to  which  the  water-table  has  been  low- 
ered,   *    *    *." 

On  their  face,  these  two  statements  appear  to  be  contradictory,  but 
perhaps  Mr.  Randolph's  intention  is  not  quite  clear.  The  writer 
agrees  with  the  second  statement,  but  thinks  that  the  portion  of  the 
muck  which  is  permanently  saturated  does  not  show  any  appreciable 
change. 

In  securing  the  samples  for  determining  their  weight,  the  writer 
used  sheet-iron  cylinders,  4  in.  in  diameter,  4  in.  in  length,  and  open 
at  both  ends.     The  cutting  end  was  sharpened,  and  the  sample  was 
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secured  by  forcing  the  cylinder  vertically  into  the  soil.  Samples  were  Mr. 
taken  from  the  top  downward,  in  such  a  way  as  to  get  a  continuous 
column.  As  water  was  usually  present  either  on  or  in  the  soil,  it 
was  not  practicable  to  go  very  deep.  However,  as  shown  by  the  profiles, 
in  most  cases  in  Southern  Louisiana  it  was  possible  to  get  through  the 
top  soil  to  the  underlying  alluvium.  Especially  on  soils  which  had  never 
been  cultivated,  the  cutting  of  the  first  sample  was  somewhat  difficult, 
due  to  the  presence  of  tough  roots.  As  a  result  a  certain  amount  of 
compacting  occurred,  and  the  4-in.  sample  represented  a  slightly  greater 
depth,  as  the  cutter  was  always  forced  into  the  earth  until  the  material 
was  level  with  the  top.  Even  in  the  subsequent  samples  there  was  a 
small  amount  of  compacting,  due  to  the  friction  of  the  material  entering 
the  cutter.  Consequently  the  sample  in  the  cutter  actually  represented 
a  slightly  greater  volume  of  the  material  in  its  original  state.  There- 
fore the  calculated  weight  per  cubic  foot  would  be  slightly  in  excess  of 
the  actual.  It  is  considered  likely  that  the  error  is  greatest  on  the 
lightest  and  softest  materials,  as  they  were  compacted  most  when  sam- 
ples were  taken. 

Mr.  Hering's  discussion  is  applicable  to  such  soils  as  are  found  in 
New  Orleans  and  in  rather  close  proximity  to  the  Mississippi  River. 
These  are  almost  entirely  alluvium,  and,  in  comparison  with  the  muck 
and  peat  lands,  contain  very  little  vegetable  matter.  Although  the 
areas  numbered  35,  36,  and  37  on  the  map  are  not  far  from  New 
Orleans,  the  soil  conditions  are  entirely  different,  at  least  so  far  as 
the  portion  of  the  city  near  the  river  is  concerned. 

The  material  described  by  Mr.  Lyle  is  evidently  well-decayed  muck 
— at  least  the  upper  portion.  It  would  be  very  interesting  to  have 
observations  repeated  on  this  piece  of  work  in  the  future. 

The  discussion  contributed  by  Mr.  McCrory  is  exceedingly  inter- 
esting, as  it  shows  the  additional  settlement  in  the  districts,  examined 
by  the  writer  2  years  before.  The  measurements  were  made  by  other 
observers,  and  the  writer  did  not  know  of  the  results.  It  is  to  be 
hoped  that  the  work  will  be  continued.  After  a  period  of  about 
5  years,  or  in  1920,  the  writer  believes  that  it  would  be  of  value  to 
have  samples  of  the  soil  taken  under  the  same  conditions  as  in  1915. 

The  writer  is  very  grateful  for  the  favorable  discussion  contributed 
by  the  several  members.  Mr.  Morgan,  Mr.  Kimball,  and  Mr.  McCrory 
have  each  put  special  stress  on  the  importance  of  anticipating  the 
subsidence  of  muck  and  peat  soils  in  the  design  of  drainage  improve- 
ments. The  writer  agrees  with  these  gentlemen  in  every  point  they 
have  made.  It  is  now  a  certainty  that,  unless  provision  is  made  for 
such  subsidence,  there  is  trouble  in  store  for  the  owners  of  lands  such 
as  these,  which  are  drained  by  channels  adequate  only  if  the  surface 
maintains  its  original  elevation. 
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Mr  The    writer    regrets    that   engineers   who    are    responsible    for    the 

design  of  drainage  improvements  for  some  of  the  largest  areas  of 
muck  and  peat  lands  in  the  world  have  not  been  contributors  to  the 
discussion.  At  the  time  the  paper  was  opened  for  discussion  the  writer 
furnished  a  list  of  names  of  members  who  were  directly  interested  in 
such  work,  and  these  members  were  requested  by  the  Secretary  of  the 
Society  to  discuss  the  paper  or  to  offer  such  material  as  they  had  avail- 
able on  the  subsidence  of  muck  and  peat  soils.  Discussion  from  those 
engineers,  responsible  for  the  drainage  of  such  great  areas  of  lands, 
would  be  of  the  highest  interest.  The  writer  feels  that  the  membership 
would  then  receive  the  benefit  of  the  practical  application  of  the  facts,  in 
regard  to  the  subsidence  of  muck  and  peat  soils,  to  the  concrete  problems 
presented  in  the  design  of  drainage  improvements.  It  would  be  exceed- 
ingly interesting  and  instructive  to  know  what  provision  is  being 
made  for  subsidence  in  the  design  of  these  great  works,  in  which 
millions  of  dollars  will  ultimately  be  expended,  and  on  which  thousands 
of  farmers  will  depend  for  adequate  drainage.  It  is  to  be  hoped  that 
such  discussion  will  be  forthcoming. 
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Synopsis. 
The  object  of  this  paper  is  to  give  engineers  an  idea  of  the  dif- 
ference between  the  various  grades  of  wood  pipes ;  to  set  forth  a  stand- 
ard set  of  specifications  for  the  assistance  of  engineers  who  have  had 
no  opportunity  to  become  versed  in  their  design;  to  safeguard  those 
who  contemplate  building  such  pipe;  and,  further,  to  remove  doubt 
from  the  minds  of  those  who  view  wood  pipe  as  one  of  the  vagaries 
of  engineering  practice  and  a  medium  to  be  resorted  to  only  in  tem- 
porary and  cheap  work.  If  it  can  be  shown  that,  to  secure  good 
results,  the  great  difference  in  the  quality  of  the  materials  used  should 
be  completely  borne  in  mind,  and  if  engineers  can  be  led  along  a 
correct  and  standard  course  in  the  design  and  in  the  selection  of 
these  materials,  this  paper  will  have  accomplished  its  object.  To  this 
end,  specifications  involving  the  latest  and  most  approved  practices  are 
given  in  the  Appendix. 

*  Presented  at  the  meeting  of  May  16th,  1917. 

Note. — The  author  of  this  paper  is  now  in  the  Military  Service   of  the  United 
States,  and  is  prevented  by  his  duties  from  contributing  a  closing  discussion. 
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The  elements  causing  success  or  failure  in  wood  stave  pipe  are 
taken  up  step  by  step,  as  follows: 

1. — Kinds  of  wood  used, 

2. — Grade  of  lumber  used, 

3. — Method  of  curing  lumber, 

4. — Method  of  treating  lumber, 

5. — Location  of  pipe  when  built, 

6. — Size  and  spacing  of  bands, 

7. — Methods  used  in  erection,  and  quality  of  workmanship. 

The  foregoing  headings  are  discussed  as  applied  to  the  two  types 
now  in  use,  namely,  continuous-stave  pipe  and  machine-banded  pipe, 
and  a  plea  is  made  for  the  adoption  of  uniform  specifications,  dividing 
each  type  into  Classes  A,  B,  and  C. 

The  Appendix  contains  the  specifications,  for  the  two  types  and 
three  classes  of  pipes,  which  are  proposed  as  a  basis  for  adoption  by 
engineers. 


In  1898,  the  late  Arthur  L.  Adams,  M.  Am.  Soc.  C.  E.,  presented 
to  this  Society  a  paper*  entitled,  "Stave  Pipe — Its  Economic  Design 
and  the  Economy  of  Its  Use."  This  was  the  first  important  presenta- 
tion of  wood  stave  pipe  design,  and  it  brought  forth  a  great  deal  of 
discussion.  Mr.  Adams  prophesied  the  value  that  wood  pipe  would 
attain  in  hydraulic  engineering,  and  was  the  first  to  give  it  its  proper 
place  with  reference  to  cost,  life,  and  capacity.  He  placed  it  first  in 
economy  of  construction,  first  in  carrying  capacity,  and  second  only 
to  cast  iron  in  length  of  life.  These  statements  were  rather  startling 
to  most  engineers  at  that  time,  as  they  considered  his  deductions  based 
on  insnfficient  data.  In  1906  Mr.  Adams  presented  another  paperf 
discussing  the  famous  pipe  of  the  Astoria  City  Water- Works.  The 
discussion  on  that  paper  gave  to  engineers  for  the  first  time  an  idea 
of  what  could  be  expected  of  wood  stave  pipe.  However,  it  was  thought 
that  a  few  more  years  must  elapse  before  the  real  economy  of  such 
pipe  could  be  determined.  This  was  conservatism,  for  which  engi- 
neers are  noted,  and  proved  to  be  a  wise  policy.  Mr.  Adams  foresaw 
the  value  of  wood  pipe,  but  experience  showed  that  all  such  pipe  could 

•  Transactions,  Am.  Soc.  C.  B.,  Vol.  XLI,  p.  27. 
t  Transactions,  Am.  Soc.  C.  E.,  Vol.  LVIII,  p.  65. 
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not  be  placed  in  one  class.  Development  with  years  made  it  evident 
that  careful  design  and  selection  of  material  were  necessary,  without 
which  complete  pipe  failures  would  result.  The  indiscriminate  use 
of  various  woods,  which  time  showed  to  be  unfit  for  good  pipe  con- 
struction, proved  that  it  was  wise  to  make  haste  slowly. 

Though  Mr.  Adams  foresaw  the  ultimate  success  to  be  reached  by 
wood  pipe,  he  did  not  foresee  the  rapid  strides,  and  consequently  the 
hasty,  unscientific,  and  indiscriminate  use  of  all  kinds  of  materials; 
and  these  proved  totally  unsuited  for  pipe  design,  and  threatened  to 
turn  success  into  failure. 

In  various  engineering  journals,  in  recent  years,  much  space  has 
been  devoted  to  this  subject,  and  the  articles  written  have  thrown  con- 
siderable light  on  what  had  been  but  a  hazy  understanding  in  the 
minds  of  most  engineers.  The  advantages  and  disadvantages  of  wood 
stave  pipe  have  been  discussed,  but  these  discussions  have  only  led  to 
greater  confusion  and  doubt  as  to  the  best  way  to  use  it.  Conse- 
quently, a  most  valuable  asset  to  hydraulic  work  has  been  shoved  into 
the  background  and  considered  as  a  type  to  be  used  only  in  special 
cases. 

In  all  the  discussions  it  is  noticeable  that  there  are  no  references 
to  cases  where  wood  stave  pipe  has  been  constructed  or  operated  suc- 
cessfully, or  unsuccessfully,  for  a  number  of  years.  Actual  cases 
where  it  has  been  in  service  long  enough  to  give  an  idea  of  its  dura- 
bility are  wanted  by  engineers.  With  this  information,  they  can  give 
some  assurance  that,  if  such  pipe  is  used,  it  is  the  proper  construction. 

In  most  of  the  articles  referred  to,  statements  like  the  following 
are  the  general  rule:  "Experience  shows  that  staves  must  be  com- 
pletely and  continuously  saturated,  and  that  intermittent  or  partial 
saturation  leads  to  decay;"  "a  stave  pipe  is  extremely  short-lived,  even 
when  made  of  the  very  best  selected  wood,  under  partial  saturation, 
especially  in  warm,  humid  atmospheres."  Warm,  humid  atmospheres 
are  often  encountered  in  localities  in  which  engineers  may  have  wood 
pipe  under  advisement,  and  conditions  of  partial  saturation  or  drying 
out  of  the  pipe  during  a  portion  of  each  year  are  often  unavoidable. 
Such  statements,  therefore,  are  misleading,  as  the  general  impression 
is  that  favorable  conditions  for  wood  pipe  are  few,  and,  under  all  other 
than  favorable  conditions,  it  will  probably  be  short-lived.     This  is  not 
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true  of  well-designed  wood  pipe,  and  especially  does  it  give  a  false  idea 
of  its  usefulness  when  made  from  the  proper  materials. 

A  few  cases  that  contradict  the  general  impression  regarding  such 
pipe  under  conditions  of  intermittent  flow  and  partial  saturation  are 
well  illustrated  by  the  following: 

1. — Supply  line  of  the  Utah  Lake,  Land,  Water,  and  Power  Com- 
pany, at  Mt.  Nebo,  Utah.  A  half  pipe  or  flume  and  a  48-in.  pipe  built 
in  May,  1893.  Intermittent  and  partial  flow  during  a  few  months  of 
.the  year.  At  maximum  flow  under  70  ft.  head.  Pipe  entirely  above 
ground,  and  for  part  of  the  way  bracketed  against  a  rock  cliff,  with 
exposure  to  the  south  and  the  full  heat  of  the  sun.  Inspection  in 
October,  1914,  showed  pipe  to  be  without  decay.    Clear  redwood  staves. 

2. — Discharge  line  from  sugar  factory  of  Los  Alamitos  Land  Com- 
pany, Los  Alamitos,  Cal.  Mr.  H.  C.  Lawrence,  Chief  Engineer.  Built 
in  1902.  Used  only  for  4  months  of  the  year.  Discharge  for  refuse 
from  factory;  operating  under  no  pressure.  Mr.  Lawrence  states  that 
the  line  is  in  very  good  condition;  a  few  bands  show  corrosion,  and  a 
good  many  have  been  replaced.  He  estimates  that  the  pipe  will  have 
a  life  of  50  years.    Clear  redwood  staves. 

3. — Sewer  for  Palo  Alto,  Cal.  Built  in  1898.  Continuous  flow, 
from  one-half  to  three-quarters  full.  Pipe  extends  across  salt  marshes 
bordering  San  Francisco  Bay;  exposed  at  low  and  covered  at  high  tide. 
Portions  of  line  buried  completely,  half  buried  part  of  the  way,  and 
remainder  exposed  on  the  surface.  Edwin  Duryea,  M.  Am.  Soc. 
C.  E.,  in  his  discussion  on  Mr.  Adams'  paper  of  1906,  stated  that  this 
pipe  showed  not  the  slightest  decay,  though  the  bands  had  corroded 
badly.  Air  exposure,  contact  with  the  humus  in  the  soil,  saline  soil, 
and  partial  saturation  only,  seem  to  have  had  no  bad  effect  on  the  pipe, 
which  is  to-day  in  perfect  condition  and  operating  continually.  A 
portion  of  the  line  buried  in  sandy  soil  had  to  be  repaired  a  few  years 
ago,  some  of  the  top  staves  requiring  replacing,  due  probably  to  the 
sandy  soil  drawing  out  what  little  saturation  these  staves  received. 
Clear  redwood  staves. 

4. — Water  supply  pipe  line  for  San  Diego  and  Coronado,  Cal. 
Built  in  July,  1900.  13  550  ft.  of  40-in.  and  26  300  ft.  of  36-in.  carry 
water  from  Otay  Dam  to  these  cities.  Maximum  pressure,  295  ft. ; 
minimum,  150  ft.     Pipe  buried  for  entire  distance  in  alkali  flats,  but 
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above  ground  where  several  deep  ravines  are  crossed  on  trestles. 
Examination  by  v?riter  in  1916  showed  staves  to  be  in  perfect  condi- 
tion. Mr.  O.  D.  Fees,  Superintendent  in  charge  of  line  during  con- 
struction, accompanied  the  writer,  and  stated  that  the  wood  was  con- 
siderably harder  than  when  first  put  in.  It  is  quite  possible  that 
solubles  carried  in  the  water  have  entered  and  have  been  deposited  in 
the  pores  of  the  wood.     This  is  redwood  pipe. 

5. — Leaching  tanks  in  the  plant  of  the  Krieg  Tannery,  San  Eran- 
cisco.  Built  in  1859.  A  number  of  tanks  above  ground  leaching  into 
those  below  ground.  Removed  in  January,  1914,  found  to  be  in  per- 
fect condition,  replaced,  and  now  in  service.     Redwood  staves  used. 

6. — A  redwood  flume  built  in  1888  for  the  Cuyamaca  Water  Com- 
pany, San  Diego,  Cal.,  has  much  of  its  original  lumber  in  place  to-day. 

7. — Two  32-in.  inverted  siphons,  one  20  and  one  15  years  old,  in 
the  line  of  the  Yakima  Valley  Canal  Company,  North  Yakima,  Wash., 
which  operates  .during  the  summer  only,  showed  tapered  ends  of 
staves  in  upper  part  decayed  when  the  pipes  were  torn  out  to  be 
replaced  by  a  48-in.  line  to  increase  the  capacity.  Redwood  staves 
were  used  in  all  three  pipes. 

The  writer's  criticisms  of  the  articles  relating  to  wood  pipe  will 
have  to  be  modified  because  of  the  recent  publication*  of  a  paper  by 
D.  C.  Henny,  M.  Am.  Soc.  C.  E.,  Consulting  Engineer  for  the  United 
States  Reclamation  Service.  In  this  paper  Mr.  Henny  made  the  first 
attempt  to  segregate  the  various  types  and  grades  of  wood  pipe.  He 
presents  valuable  data  as  to  what  can  be  expected  of  the  average  wood 
pipe,  made  from  various  materials,  and  operating  under  various  con- 
ditions. 

The  discussion,  however,  should  be  carried  still  further,  and  the 
facts  regarding  manufacture  and  design  that  will  give  the  pipe  the 
expected  life  should  be  investigated  and  presented,  so  that  engineers 
can  determine  intelligently  the  type  that  will  best  fulfill  their 
conditions. 

Wood  pipe  is  too  often  classed  as  a  whole,  irrespective  of  the 
material  from  which  it  is  made,  no  attention  being  given  to  the  fact 
that  there  is  as  much  difference  between  the  various  makes  as  between 
cast-iron  and  steel  pipe,  in  fact,  more.    It  is  quite  possible  to  make  a 

♦  In  the  Reclamation  Record. 
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run  of  steel  or  iron  with  identical  quantities  of  impurities,  thus  obtain- 
ing practically  uniform  products.  Wood,  on  the  other  hand,  is  the 
most  variable  material  known  to  the  structural  engineer,  and  is 
acknowledged  as  such.  Yet,  in  discussing  wood  pipe,  no  distinction 
is  made  as  to  quality,  which  depends  on  the  kind  of  lumber  used  in 
the  staves. 

On  work  of  any  magnitude,  where  prominent  engineers  are  con- 
sulted, conduits  are  generally  chosen  after  deep  study,  and  the  results 
usually  prove  worth  the  expense  of  expert  investigation.  There  are 
countless  conduits,  however,  throughout  the  United  States,  where 
cheapness  has  superseded  economy,  and  the  resulting  failures  have 
shaken  the  faith  in  the  type.  Wood  pipe  has  suffered  the  most.  The 
many  conduits  with  staves  of  inferior  wood  and  poor  manufacture 
have  made  engineers  and  others  skeptical  of  this  type  of  construction. 

Wood  pipe  of  the  stave  variety — and  this  is  the  only  type  con- 
sidered to-day — was  primarily  a  product  of  the  West,  although  first 
invented  and  built  in  the  New  England  States,  The  high  freight 
rates  on  steel  (which  had  to  come  from  the  East)  made  steel  pipes  very 
expensive,  and  the  large  quantities  of  timber  available  in  the  West 
made  the  use  of  wood  an  economical  necessity.  To  build  stave  pipe, 
timber  must  first  be  available,  and  then  the  proper  machinery  to  mill 
the  staves,  otherwise,  it  would  not  pay  to  use  this  type,  except  in  those 
few  cases  where  large  projects  warrant  the  cost  of  erecting  machinery 
to  mill  the  staves.  Companies  with  timber  holdings  and  mills  of 
their  own  were  naturally  in  the  best  position  to  manufacture  such 
pipe.  As  a  consequence,  this  business  drifted  into  their  hands,  and 
they  undertook  it  merely  to  sell  lumber,  only  a  few  companies  being 
formed  to  construct  such  conduits. 

To-day  it  is  possible  for  individuals  to  obtain  materials  and  bid  on 
wood  stave  pipe  contracts,  and  such  work  is  often  undertaken  at 
absurdly  low  figures  in  competition  with  experienced  companies, 
which,  knowing  their  business,  are  unable  to  secure  the  work  except 
at  a  heavy  loss.  The  successful  bidder  does  the  work  to  the  best  of 
his  ability,  but,  as  the  building  of  continuous-stave  pipe  requires  years 
of  experience,  he  loses  money,  the  pipe  manufacturers  are  unable  to 
keep  in  the  business,  and  the  purchaser  secures  a  pipe  that  never  proves 
a  success.     It  is  the  duty  of  the  engineer  to  protect  his  employer 
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against  such  conditions,  and  to  do  so  he  must  be  fortified  with  good 
specifications  and  must  enforce  compliance  with  them. 

The  elements  causing  success  or  failure  in  wood  stave  pipe  include : 

1. — Kinds  of  wood  used, 

2. — Grade  of  lumber  used, 

3. — Method  of  curing  lumber, 

4. — Method  of  treating  lumber, 

5. — Location  of  pipe  when  built, 

6. — Size  and  spacing  of  bands, 

7. — Methods  used  in  erection,  and  quality  of  workmanship. 

Redwood,  fir,  cypress,  and  pine  are  in  general  use,  and  make  pipes 
of  different  characteristics.  The  pipe  is  also  affected  by  the  sap,  pitch, 
or  knots  in  the  staves.  The  method  of  curing — kiln  or  air-drying — 
also  influences  the  quality.  Treating  lumber  with  creosote,  or  surface 
painting,  also  affects  the  final  result.  The  location  determines  to  a  cer- 
tain extent  the  type  of  pipe  to  be  chosen,  and  the  size  and  spacing  of 
the  bands  and  the  methods  used  in  erection  make  a  first-class  or  a  use- 
less pipe  out  of  the  materials  available.  If  an  engineer  knows  only  the 
general  methods  of  construction,  and  not  the  fine  points,  he  cannot 
build  a  wood  stave  pipe  line  as  well  as  a  company  which  has  had  years 
of  experience,  and  is  likely  to  have  trouble. 

A  discussion  of  the  merits  or  demerits  of  such  construction  is 
misleading  unless  based  on  a  clear  specification.  It  is  known,  of  course, 
that  wood  pipe  kept  constantly  saturated  will  last  indefinitely,  but,  as 
such  cases  are  not  always  found,  one  must  consider  what  will  happen 
under  other  conditions.  Fir  and  pine  are  pitchy  woods,  and  it  is  im- 
possible to  obtain  commercial  run  Imnber  without  sap,  pitch,  pitch 
seams,  pitch  pockets,  and  knots.  Under  conditions  of  partial  satura- 
tion, this  lumber  will  not  last,  and,  even  with  saturation,  the  pitch 
and  sap  will  be  the  cause  of  deterioration.  Most  failures  are  attribu- 
table to  this  fact.  There  are  conditions  under  which  fir  or  pine  will 
have  a  long  life  and  give  perfect  satisfaction.  For  instance,  erected 
on  cradles,  allowing  the  air  to  circulate  freely  around  it,  pipe  will  give 
satisfaction  if  the  climate  is  dry,  so  that  mosses,  etc.,  caused  by  damp- 
ness, do  not  accumulate  on  the  exterior.  Pipe  under  heavy  pressure 
in  compact  soil  will  last  indefinitely.  Mr.  Henny  has  given  the  follow- 
ing tabulation : 
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Wood.  Condition.  Years. 

Fir Uncoated,  buried  in  tight  soil 20 

"   "  "         "    loose     "   4-7 

"   "  in    air 12-20 

Redwood..         "  buried  in  tight  soil,  loam, 

sand,  and  gravel (More  than  25) 

Fir Well-coated,  buried  in  tight  soil. .  .  25 

''   '•         "  "  "  loose     "...  15-20 

Cypress  makes  a  most  excellent  and  durable  pipe,  and  is  the  only 
competitor  of  redwood  with  reference  to  length  of  life  and  endurance 
under  alternately  wet  and  dry  conditions.  If  cypress  is  selected  so  as 
to  eliminate  sap,  it  probably  is  as  long-lived  as  redwood;  at  least,  it  is 
near  enough  to  avoid  discussion.    The  disadvantages  of  cypress  are : 

First,  the  quantity  of  standing  timber  is  extremely  limited,  and  it 
is  estimated  by  conservative  lumbermen  that  all  the  commercially  avail- 
able cypress  will  be  cut  during  the  next  10  years.  Thus,  those  who  have 
cypress  are  constantly  raising  their  prices  to  correspond  with  the  ad- 
vancing rise  of  stumpage. 

The  second  disadvantage  is  in  the  wood  itself.  It  grows  in  swamp 
land,  and  the  butts  of  the  trees  are  usually  under  water.  A  cypress 
tree  is  the  product  of  four  or  five  small  trees  growing  together.  The 
result  is  that  the  sap  does  not  come  as  it  does  in  redwood,  entirely 
around  the  circumference  of  the  tree,  extending  inward  only  2  or  3 
in.,  but  it  occurs  throughout  the  clear  part  of  the  log,  in  streaks  or 
strips.  It  is  common  to  see  clear  cypress  with  yellow  sap  streaks  run- 
ning through  the  center  at  intervals  of  about  4  in.  This  has  brought 
about  the  peculiar  condition,  that  cypress  has  a  grade  higher  than  clear, 
and  (the  writer  believes)  is  the  only  lumber  which  is  thus  graded. 
"Tank"  grade  is  the  highest  in  cypress,  and  contains  knots  but  elim- 
inates sap.  Cypress  knots  are  smaller  and  harder  than  those  of  red- 
wood, and  are  not  as  detrimental. 

It  is  extremely  difficult  to  get  cypress  for  pipes,  because  of  the  sap, 
and,  where  sap  is  eliminated,  the  price  of  the  wood  is  so  high  that  it 
cannot  compete.     Cypress  pipes  are  rare. 

Redwood  is  the  best  known  material  for  wood  pipe,  and  its  longevity 
is  excelled  only  by  cast  iron.  The  acid  or  other  peculiar  constituent  of 
this  wood  acts  as  a  preservative  or  micro-organism  destroyer,  and  pro- 
tects and  preserves  it. 
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The  cases  of  redwood  pipe  already  cited  illustrate  its  adaptability, 
whether  laid  on  the  surface  of  the  ground,  partly  or  completely  buried, 
or  run  through  salt  marshes  or  tropical  swamps  in  direct  contact  with 
the  soil  hxunus.  Direct  exposure  to  the  rays  of  the  desert  sun,  and 
alternate  wetting  and  drying  when  the  pipe  is  used  intermittently  in 
irrigation  systems,  do  not  lessen  its  efficiency. 

A  thorough  study  of  the  conditions  imder  which  a  proposed  pipe 
will  operate  and  an  investigation  of  the  materials  best  suited  to  with- 
stand these  conditions,  should  be  made  before  specifications  are  written. 
These  important  points  should  be  kept  in  mind  in  order  to  insure 
specifications  that  will  cover  the  conditions  closely. 

Engineers  should  first  decide  the  nature  of  the  conduit  they  intend 
to  build;  that  is,  whether  it  is  to  be  a  permanent  structure  or  is  to  last 
only  5  or  10  years,  after  which  time  it  is  to  be  abandoned  or  replaced 
by  a  conduit  of  increased  carrying  capacity.  Then  the  nature  of  the 
local  conditions  relative  to  the  pipe  line  should  be  ascertained,  includ- 
ing climate,  himiidity,  temperature,  extreme  and  average  pressure,  na- 
ture of  soil,  probability  of  the  pipe  being  buried  or  laid  on  the  surface, 
and  other  details;  and  then  specifications  for  the  materials  can  be 
written. 

There  is  great  necessity  for  uniformity  in  drafting  specifications, 
and  for  an  understanding  of  the  requirements  for  securing  pipe  that 
will  fulfill  the  needs  of  the  proposed  work.  At  present  practically 
every  piece  of  work  is  covered  by  specifications  embodying  different 
fundamentals.  This  is  most  noticeable  in  a  comparison  of  specifica- 
tions for  various  projects  of  the  Reclamation  Service.  On  some  of 
these  a  distinction  is  made  between  redwood  and  fir  pipe,  bids  being 
asked  for  coated  fir  and  uncoated  redwood,  though  in  other  projects 
no  such  distinction  is  made,  these  woods  being  placed  on  an  equal  basis. 
This  question  of  the  coating  offers  the  largest  field  for  disagreement, 
most  engineers  being  of  the  opinion  that  both  redwood  and  fir  pipe 
should  be  painted  in  order  to  obtain  good  results;  on  the  other  hand, 
many  who  have  had  experience  with  uncoated  redwood  claim  that  paint- 
ing it  is  unnecessary. 

The  thickness  of  the  staves  is  another  point  of  difference,  and  has 
been  settled  theoretically  and  practically  with  widely  varying  results. 
There  is  some  difference  of  opinion  as  to  the  spacing  of  bands,  depending 
on  the  assumed  factor  of  safety,  which  factor  in  turn  is  determined  by 
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the  greater  or  less  conservatism  of  the  engineer.  In  the  specifications 
for  the  staves  is  found  the  greatest  divergence,  and  without  justifica- 
tion. It  is  not  evident  why  pitch  and  knots  should  be  allowed  in  fir 
and  not  in  redwood  staves.  Another  objectionable  feature  in  some 
specifications  is  the  provision  for  rigid  supervision  of  the  bands,  though 
adequate  stress  is  not  laid  on  the  requirements  for  the  shoes,  which, 
after  all,  must  be  capable  of  developing  the  full  strength  of  the  band. 
The  tongues  are  seemingly  the  smallest  item  of  continuous-stave  pipe 
construction,  but,  nevertheless,  are  by  no  means  the  least  important. 
In  machine-banded  pipe  there  is  absolutely  no  basis  for  the  present-day 
so-called  specifications. 

The  result  is  that  some  pipe  lines  are  well,  and  some  poorly,  de- 
signed, the  latter  very  often  being  the  least  economical.  The  purchaser, 
paying  for  what  he  believes  to  be  the  best  type  obtainable,  secures  a 
piece  of  work  which  proves  a  failure.  These  failures  hurt  the  owner 
and  undermine  the  faith  in  such  construction.  A  great  many  engi- 
neers have  little  or  no  idea  of  how  to  design  a  wood  stave  pipe,  and 
when  it  is  necessary  for  them  to  draw  up  si>ecifications  they  seek 
everywhere  for  information  and  acquire  and  compile  a  heterogeneous 
mass  of  data  which  are  mostly  useless. 

For  the  assistance  of  engineers  who  have  had  no  opportunity  to 
become  versed  in  wood  stave  pipe  design,  and  to  safeguard  those  who 
contemplate  building  such  pipe,  specifications  should  be  standardized. 
The  Appendix  contains  the  specifications  suggested  as  the  foundation 
for  a  standard. 

Sap  and  pitch  in  the  staves  mean  a  short  life  for  the  pipe,  as  de- 
terioration will  start  first  in  sap  wood,  pitch  seams,  or  pitch  pockets, 
and  spread  rapidly  to  the  clear  wood.  Pine  and  fir  cannot  be  secured 
commercially  without  these  defects,  and,  therefore,  are  fundamentally 
inferior  to  redwood,  in  which  absolutely  clear  staves  can  be  easily 
obtained.  At  repeated  intervals,  heavy  applications  of  some  protective 
paint  with  disinfectant  qualities  will  allay  the  danger  of  deterioration 
in  fir  and  pine,  but  proof  that  their  ultimate  life  will  equal  that  of 
redwood  has  not  yet  been  obtained. 

The  thickness  of  staves  should  next  be  considered.  Of  course,  the 
thicker  the  stave  the  better  the  pipe,  but  this  has  economical  limits.  A 
thickness  of  I  or  ^  in.,  more  or  less,  should  not  be  the  subject  of  con- 
troversy between  engineers.     The  best  criterion  of  the  required  thick- 
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ness  of  "staves  is  actual  experience.  Throughout  one  section  of  pipe 
there  will  be  staves  of  entirely  different  characteristics,  including  grain, 
resistance  to  percolation,  and  ease  of  penetration.  Slash  grain,  vertical 
grain,  quarter-sawed  staves,  heart  wood,  etc.,  all  have  their  influence 
on  the  thickness  required,  and,  with  such  a  great  difference  in  the 
characteristics  of  each  stave,  a  small  difference  in  thickness  does  not 
affect  the  quality  of  the  finished  pipe. 

In  designing  staves  there  is  more  than  the  thickness  to  be  consid- 
ered. Economy  is  the  other  essential  feature.  In  common  practice, 
stock  sizes  of  lumber  are  chosen  which  will  give  the  most  economical 
number  of  staves  to  the  linear  foot  of  pipe.  For  instance,  for  a  36-in. 
pipe,  2  by  6-in.  lumber  is  chosen.  A  maximum  thickness  and  width  of 
stave  is  obtained  from  lumber  of  this  size,  and  a  certain  number  of  feet, 
board  measure,  is  obtained  in  the  cross-section  of  the  pipe.  If  2  by 
4-in.  stock  is  chosen,  in  comparison  with  2  by  6-in.,  the  result  may  be  a 
saving  in  the  board  measure,  but  the  cost  of  erection  of  the  pipe  will 
be  increased  considerably  on  account  of  the  greater  nvmaber  of  staves 
to  be  handled.  If  2  by  8-in.  is  used,  a  saving  in  erection  is  obtained, 
but  the  greater  waste  in  lumber  offsets  the  saving  in  erection.  The 
result  is  that  2  by  6-in.  is  the  most  economical  size.  The  maximum 
that  can  be  obtained  from  this  stock  piece  is  the  thickness  to  be 
specified.  It  should  be  remembered,  however,  that  this  maximimi  will 
be  less  than  that  obtained  by  laying  out  the  stave  on  paper,  showing 
it  cut  from  2  by  6-in.  stock  of  exact  dimensions.  The  stock  as  it  comes 
from  the  mills,  dry  and  ready  for  stave  manufacture,  will  probably 
measure  not  more  than  11  by  5f-in.  Allowing  enough  for  milling,  the 
thickness  of  the  stave  will  be  reduced.  Common  practice  and  experience 
in  stave  milling  should  always  be  considered.  If  greater  thicknesses 
are  wanted,  a  higher  price  may  be  expected,  as  uneconomical  sizes  of 
lumber  must  be  used,  or  a  higher  price  must  be  charged  to  cover  the 
selection  of  wider  and  thicker  stock. 

The  stave  has  to  resist  the  percolation  and  the  penetration  of  the 
water.  It  should  be  sufficiently  thick  to  prevent  excessive  percolation, 
and,  at  the  same  time,  there  should  be  perfect  penetration.  It  is  diffi- 
cult to  determine  this  thickness.  If  the  staves  have  rings  showing  wide, 
alternate  spaces  of  hard  winter  wood  and  soft  summer  wood,  there  will 
be  great  danger  of  excessive  percolation,  the  water  finding  its  way  out 
through  the  soft  wood  between  the  hard  rings.     If  the  wood  is  very 
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hard,  there  will  be  great  difficulty  in  the  stave  receiving  complete 
saturation,  due  to  the  absence  of  capillary  action.  A  soft  wood  will 
take  up  water  like  a  blotter,  but  a  close-grained  wood  will  effectively 
resist  percolation.  This  is  very  important  in  determining  the  lumber  to 
be  used. 

Fir  and  pine,  being  hard  woods  compared  with  redwood,  and  being 
coarse-grained,  having  wide  rings  of  hard  and  soft  wood,  enter  the 
classification  of  woods  giving  excessive  percolation,  with  slow  and  in- 
complete penetration.  This  is  caused  by  the  water  passing  rapidly 
through  the  soft  summer  wood,  appearing  in  drops  on  the  outer  surface 
of  the  pipe,  and  of  penetrating  but  slowly,  and  often  through  only  a 
fraction  of  a  stave,  along  the  hard  winter  rings.  The  result  is  a  stave 
showing  percolation  and  incomplete  penetration  at  alternate  points 
throughout  its  cross-section. 

Redwood  is  very  soft  and  cellular,  and  pipe  made  from  clear  stock 
will  be  free  from  percolation  and  will  receive  complete  saturation,  even 
under  very  light  pressure. 

There  is  such  a  great  variation  in  the  quality,  grain,  and  degree  of 
hardness  of  even  the  same  kinds  of  woods,  that  it  is  impossible  to  secure 
a  pipe  in  which  the  penetration  and  percolation  will  be  of  the  same 
degree  in  every  stave.  In  the  same  section  of  pipe,  soft  staves  with 
good  penetration  and  no  percolation  will  be  found  adjacent  to  hard 
staves  with  poor  penetration  and  excessive  percolation.  It  is  obvious, 
therefore,  that  a  refinement  of  stave  specifications  to  the  point  of  i  or  ^ 
in.  more  than  a  practical  working  thickness  is  entirely  unnecessary. 

In  the  Api)endix  practical  working  thicknesses  for  staves  are  given, 
and  it  is  recommended  that  engineers  give  them  their  attention  when 
drawing  up  specifications.  By  a  practical  working  thickness  is  meant 
that  which  can  be  secured  from  the  stock  sizes  of  lumber  making  up 
the  most  economical  pipe. 

The  best  selection  of  a  stave,  therefore,  is  the  result  of  experience 
with  those  thicknesses  which  give  maximum  penetration  and  minimum 
danger  of  percolation. 

It  should  be  remembered  that  fir  or  pine  staves  require  greater 
thickness  than  redwood,  in  order  to  resist  excessive  percolation,  and 
the  result  is  not  altogether  beneficial,  as  the  penetration  is  less  likely 
to  be  complete. 
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The  difference  in  I'equired  thicknesses  of  fir  or  pine  and  of  red- 
wood staves  applies  more  particularly  to  machine-banded  pipe,  because 
the  thicknesses  for  continuous-stave  pipe  are  determined  primarily 
by  construction  conditions,  rather  than  by  reason  of  penetration  and 
percolation. 

One  objection  to  wood  pipe  is  the  danger  that  it  may  dry  out  if  the 
water  is  drawn  off.  To  avoid  this,  the  staves  should  be  thoroughly 
dry,  so  that,  when  properly  erected  and  cinched  tight,  there  will  be 
no  leakage.  The  pipe  should  be  tight  and  stay  tight.  If  wet  staves 
are  used,  no  swelling  can  be  relied  on  for  making  a  tight  line,  and  the 
requisite  pressure  between  the  staves  to  prevent  the  passage  of  the 
water  must  be  the  result  of  cinching  the  bands.  This  is  practically 
impossible.  The  lumber,  therefore,  should  be  perfectly  dry  before 
being  used.  It  should  be  dried  by  the  natural  or  air-drying  process, 
not  by  the  forced  or  kiln-drying  process.  By  air-drying  only  is  per- 
fect, sound,  strong  lumber  obtained.  Kiln-drying  makes  brittle  and 
lifeless  lumber.  Air-drying  requires  time,  and,  as  lumber  should  be 
seasoned  for  at  least  a  year  for  the  best  construction,  a  large  stock  of 
it  should  be  available  at  all  times. 

The  old  method  of  drying  lumber  (in  Maine  and  Michigan)  was  by 
the  use  of  live-steam  kilns.  These  are  still  used  in  the  Northwest  for 
drying  fir  and  pine,  as  such  treatment  is  necessary  in  curing  pitchy 
and  sappy  woods.  The  kilns  are  large  rooms,  along  the  floors  of  which 
there  are  perforated  steam  pipes  into  which  live  steam  is  turned.  The 
lumber  placed  in  such  a  kiln  is  literally  cooked.  Redwood  when  first 
marketed  had  never  been  kiln-dried,  but  when  the  demand  became  too 
great  for  the  supply  of  air-dried  lumber  that  could  be  kept  on  hand, 
kiln-drying  was  adopted.  Redwood  treated  by  this  process  was  flinty, 
and  could  be  broken  into  splinters  over  the  knee.  Such  methods  of 
drying  are  now  being  used  by  some  of  the  redwood  mills,  but  lumber 
thus  treated  should  never  be  allowed  in  pipe  construction.  The  later 
method  of  kiln-drying  is  by  indirect  heating  with  steam.  Steam  is 
introduced  into  pipes  laid  on  the  floor  of  the  kiln,  and  air  with  a 
certain  humidity  is  admitted  into  the  kiln  at  a  given  temperature,  is 
heated  by  passing  up  around  the  steam  pipes,  and,  rising  through  the 
lumber,  removes  the  moisture.  The  air  then  passes  down  the  com- 
partments at  the  sides  of  the  kiln  where  the  water  it  contains  is 
condensed,  and  the  cooled  air  is  again  brought  down  to  the  heating 
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pipes.  A  circulation  of  air  is  thus  effected  by  which  the  lumber  is 
dried.  This  is  far  superior  to  the  old  method.  The  introduction  of 
green  lumber  into  a  kiln  and  the  forced  removal  of  the  water  causes 
a  forced  and  sudden  hardening  and  closing  of  the  pores,  checking, 
splitting,  and  rendering  the  wood  brittle.  Air-drying  is  a  natural 
seasoning,  the  slower  the  better,  and  is  brought  about  by  the  wind 
blowing  through  properly  stacked  lumber.  When  securing  lumber  for 
pipe  staves,  there  should  be  a  strict  investigation  into  the  methods  of 
drying  used  by  the  mills.  For  correct  pipe  design,  only  air-dried  lum- 
ber should  be  specified. 

In  regard  to  the  protection  of  the  staves  by  applications  of  coatings 
of  paint  or  disinfectant,  little  of  value  can  be  cited.  Many  claims  are 
made  for  the  benefits  derived  from  various  coatings,  but  sufficient  data 
are  yet  lacking  for  reliable  conclusions.  It  is  certain  that  such  protec- 
tion increases  the  life  of  fir,  pine,  or  other  woods  containing  sap  and 
pitch,  but  its  merits  on  a  redwood  pipe  have  not  yet  been  proved. 
Though  uncoated  fir  and  pine,  except  under  conditions  of  complete  and 
continued  saturation,  have  proved  short-lived,  similar  pipes  coated 
with  a  mixture  of  tar  and  asphaltum  have  given  far  better  service,  and 
in  many  cases  appear  to  be  in  perfect  condition.  More  than  this  is 
not  known.  The  oldest  lines,  on  the  other  hand,  made  of  redwood, 
have  never  been  coated  with  any  protective  coating,  and  are  still  in 
perfect  condition. 

A  coating,  to  be  effective,  should  be  applied  diligently  and  often. 
At  least  two  coats  should  be  applied  primarily,  by  conscientious  work- 
men or  by  some  pneumatic  process.  As  in  all  painting,  the  personal 
equation  of  the  workman  is  75%  of  the  job.  A  coating  of  at  least  -^^ 
in.  should  be  the  result  of  the  first  painting,  and  repeated  examination 
should  be  made  of  the  line,  and  the  pipe  painted  every  year  or  so. 

Steel  bands  can  be  obtained  to-day  from  practically  all  the  large 
steel  mills.  These  bands  are  manufactured  according  to  standard 
specifications;  if  other  specifications  are  used  the  cost  is  greatly  in- 
creased, and  very  often  it  is  practically  impossible  to  obtain  them. 
Engineers  should  bear  this  in  mind,  as  they  will  save  the  pipe  con- 
structors much  trouble  and  the  purchaser  much  needless  expense  by 
using  the  standard  specifications.  The  band  commonly  used  is  of  mild, 
open-hearth  steel,  having  a  tensile  strength  of  from  55  000  to  65  000 
lb.  per  sq.  in.,  with  a  button  head  at  one  end  and  at  least  5  in.  of  cold- 
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rolled  thread  on  upset  ends  at  the  other.  The  requirements  for  pipe 
bands  are  included  in  the  standard  specifications  in  the  Appendix. 
Specifications  often  call  for  pure  iron  bands,  but,  as  pure  iron  is  made 
only  in  very  limited  quantities,  mostly  in  Norway  and  Sweden,  it  is 
evident  that  it  would  be  impossible  to  comply  with  such  specifications. 

The  size  of  the  band  steel  and  the  spacing  of  the  bands  on  the 
pipe  are,  after  all,  the  most  important  factors  affecting  the  strength  of 
the  pipe.  Common  practice  requires  the  bands  to  be  spaced  so  that 
they  will  have  a  factor  of  safety  of  four  against  breaking  due  to  ten- 
sion caused  by  the  water  pressure,  though  some  specifications  call  for 
a  factor  of  safety  of  five.  The  latter  requirement  adds  greatly  to  the 
cost  without  benefiting  the  pipe.  The  factor  of  safety  of  four  gives 
ample  protection  against  failure  \mder  water  pressure  through  rupture 
of  the  bands,  but  the  point  to  be  borne  in  mind  is  that  the  pipe  may 
fail  on  account  of  the  bands  sinking  into  the  wood  and  allowing  the 
longitudinal  joints  between  the  staves  to  open,  thus  causing  leaks.  The 
failure  of  the  pipe  in  bearing,  however,  in  pipe  more  than  10  in.  in 
diameter,  is  prevented  if  the  bands  are  spaced  with  a  factor  of  safety 
of  four  in  the  tension  formula.  The  two  formulas  to  be  used  in  spac- 
ing the  bands  on  the  pipe  relate  to  the  tension  in  the  bands  and  the 
bearing  of  the  bands  and  staves.  In  the  bearing  formula  the  value  to 
be  determined  by  experiment  is  the  strength  of  the  wood  in  bearing. 
This  has  generally  been  taken  to  be  greater  for  fir  than  for  redwood, 
but  experiment  shows  that  staves  in  a  saturated  condition,  as  wovdd 
occur  in  a  pipe  in  place,  have  practically  the  same  strength  in  bearing. 
This  approximates  a  working  stress  of  800  lb.  per  sq.  in.  If  the  spac- 
ing of  the  bands  is  checked  by  both  formulas  it  will  be  fo\md  that  all 
pipes  more  than  10  in.  in  diameter  will  be  designed  according  to  the 
tension  formula,  and  that  the  bearing  will  be  amply  cared  for  under 
this  condition. 

In  the  design  of  every  pipe  line  there  will  be  two  or  three  sizes  of 
bands  that  may  be  used,  with  their  corresponding  spacing,  and  it  is 
necessary  to  choose  the  most  economical.  The  smaller  the  band  the 
closer  the  spacing,  and  the  closer  the  spacing  the  better  the  pipe. 
Economy  limits  this  to  a  certain  extent,  as  the  smaller  bands  cost  more 
than  the  larger  ones,  and  erection  costs  increase  with  the  number  of 
bands  handled.  A  certain  maximum  spacing  should  not  be  exceeded, 
in  good  pipe  design,  and  the  size  of  the  band  may  be  cut  down  to  hold 
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this  spacing  to  a  minimum,  maintain  the  factor  of  safety,  and  still 
give  economical  erection.  To  hold  to  the  maximum  spacing  with  a 
large  band  wastes  metal,  but  may  be  found  to  be  most  economical  on 
account  of  the  higher  price  of  small  bands.  Erection  has  an  impor- 
tant influence  on  the  size  of  the  bands  on  light-pressure  pipe  with  the 
maximum  allowable  spacing,  because,  if  small  bands  are  used,  it  may 
be  found  impossible  to  cinch  them  tight  enough  to  prevent  seam  leaks, 
and  the  threads  on  a  great  many  bands  will  be  stripped  before  the 
staves  can  be  drawn  together  tightly  enough  to  prevent  such  leakage. 
Heavy  bands  are  required  to  draw  the  staves  together,  but  after  they 
are  in  place  the  initial  tension  in  the  bands  is  dissipated,  and  the  only 
stress  is  that  due  to  water  pressure. 

By  no  means  the  least  important  feature  is  the  design  of  the  shoes 
for  cinching  the  bands  tightly  in  place.  These  should  be  stronger  in 
body  than  the  bands,  in  order  to  develop  the  full  strength  of  the  latter. 
There  should  be  a  thorough  investigation  of  the  shoes,  and,  unless  a 
special  test  is  made,  those  that  are  standard  and  have  been  tested 
repeatedly  should  be  used.  It  is  folly  to  have  bands  spaced  with  a 
high  factor  of  safety  and  then  use  shoes  which  are  weaker  in  design 
than  the  bands  they  hold  together.  A  case  is  known  where  this  hap- 
pened, and  approximately  390  tons  of  steel  were  absolutely  wasted. 
On  some  recent  municipal  work  for  a  large  western  city  a  similar  case 
of  inferior  shoes  has  lessened  the  efficiency  of  the  conduit. 

The  tongues  prevent  the  staves  from  working  out  at  the  butt  joints, 
and  are  intended  to  form  an  effective  water  seal  where  the  staves  butt 
together.  They  are  generally  made  of  band  iron,  IJ  in.  wide,  No.  12 
or  No.  10  gauge,  or  i  in.  in  thickness,  cut  i  in.  longer  than  the  width 
of  the  stave  measured  alono;  the  slot.  This  allows  ^^  in.  to  project 
into  each  adjoining  stave,  effectually  preventing  water  from  working 
around  the  joint.  When  the  pipe  is  first  cinched  up,  prior  to  rounding 
out  the  staves  to  the  true  circle,  these  tongues  are  set  farther  than  this 
^jv  in.  into  the  adjoining  staves.  Then,  when  it  is  attempted  to 
round  out  the  pipe,  that  is,  hammer  the  stave  from  the  inside  into 
proper  position,  the  tongues  will  tear  the  staves  badly,  and  decay  first 
starts  where  lumber  is  bruised  or  torn.  Contact  is  all  that  is  needed 
for  a  perfect  water  seal,  and  if  the  tongues  are  cut  ^j.  in.  longer  than 
the  width,  that  is,  cut  to  alloAv  an  initial  projection  of  -^-^  in.  in  the 
adjoining  staves,  a  water-tight  joint  will  be  secured  with  less  damage 
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to  the  wood  during  the  rounding  out  of  the  pipe.  There  is  little  likeli- 
hood that  the  tongues  will  rust  out,  as  air  does  not  reach  them  readily; 
however,  they  are  generally  coated  with  an  asphaltic  base  paint. 

The  rod  of  the  least  diameter  that  can  be  used  on  light-pressure 
pipe,  with  maximum  spacing,  can  only  be  determined  by  experience, 
and  should  not  exceed  the  sizes  given  in  Table  1. 

TABLE  1. 


Diameter  of  pipe,  in 

Minimum  size  o£  rod,  in 

Maximum  allowable  spacing, 

inches. 

inches. 

in  inches. 

12  to   24 

% 

10 

24  to   36 

'As 

10 

36  to    48 

Vs 

10 

48  to    72 

% 

10 

72 

% 

8 

72  to    96 

% 

10 

96  to  132 

Vi 

8 

132  to  144 

■     % 

6 

When  the  maximum  spacing  is  used,  extra  bands  should  be  placed 
over  the  butt  joints  to  reinforce  the  pipe  at  these  points.  Many  pipe 
failures  have  resulted  from  allowing  too  wide  a  spacing  as  a  maximum, 
and  such  conduits,  under  a  heavy  back-filling,  failed  by  the  arch  of 
the  pipe  collapsing.  A  maximum  spacing  of  18  in.  has  been  used,  but 
this  does  not  make  a  pipe.  A  spacing  of  12  in.  has  been  used  with 
success,  but  the  best  results  are  obtained  with  a  maximum  of  10  in. 

The  coating  for  the  bands  and  shoes  is  determined  by  the  condi- 
tions and  the  life  to  be  expected  of  the  pipe.  For  the  bands  of  fir  and 
pine  pipe  an  asphaltum  coating  is  sufficient,  as  the  bands  will  outlast 
the  staves.  On  redwood,  contrary  to  the  general  impression,  the  life 
of  the  pipe  will  invariably  be  the  life  of  the  bands.  The  life  of  the 
pipe,  therefore — or  its  economy — depends  on  the  coating  first  applied 
to  the  bands;  in  after  years  the  pipe  should  be  well  inspected  and  the 
bands  repainted  and  replaced  when  necessary.  A  coating  having  an 
asphaltic  base  is  most  commonly  used,  and  gives  perfect  satisfaction. 
Under  normal  conditions  bands  thus  coated  last  from  10  to  15  years, 
after  which  time  it  will  probably  be  necessary  to  replace  them  occa- 
sionally, although,  as  a  whole,  they  will  outlast  steel  pipe,  as  the  metal 
is  concentrated  in  a  round  band  which  presents  a  minimum  surface 
to  corrosion.  Covering  with  red  lead  is  recommended  for  severe  con- 
ditions, bands  having  been  found  as  bright  under  the  red  lead  as  when 
first  erected,  even  after  26  years'  service.     In  Central  America  coating 
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with  red  lead  is  found  to  be  well  suited  for  protection  against  the 
ravages  of  tropical  climatic  and  soil  conditions,  and  exposure  to  the 
salt  air  during  steamer  transit.  Galvanizing  may  be  used,  but,  on 
account  of  its  excessive  cost,  is  not  common.  In  the  Hawaiian  Islands 
galvanizing  is  used  exclusively,  together  with  redwood  lumber,  and 
such  design  has  been  found  to  give  practically  the  only  pipe  that  will 
stand  up  under  the  conditions  there. 

No  attempt  will  be  made  to  outline  the  best  methods  of  construct- 
ing wood  stave  pipe,  because  there  are  so  many  details  that  require 
attention  and  experience  that,  unless  an  engineer  is  familiar  with 
such  work,  he  will  do  better  by  securing  the  services  of  reliable  pipe 
constructors. 

Machine-banded  or  wire-wound  pipe  has  come  into  use  since  Mr. 
Adams  presented  his  last  paper  on  wood  stave  pipe,  and  has  found  a 
ready  market  in  the  West,  on  account  of  its  economy.  It  is  factory 
made,  in  sizes  from  2  to  24  in.  inside  diameter,  and  is  designed  for 
heads  up  to  400  ft.  The  sections  are  from  8  to  24  ft.  long,  and  have 
the  necessary  couplings  or  collars  for  connecting  them. 

Since  this  type  made  its  appearance,  some  time  ago,  there  has  been 
practically  no  improvement,  and  the  old  speciiications  and  methods  of 
manufacture  are  still  followed.  In  spite  of  its  many  imperfections  in 
design  and  manufacture,  this  type  has  made  a  wide  field  for  itself, 
and  is  found  in  every  branch  of  hydraulic  work.  Unless  steps  are 
taken  to  correct  its  weaknesses,  however,  it  will  rapidly  lose  favor  on 
account  of  its  numerous  failures.  These  failures  have  not  been  alto- 
gether the  result  of  poor  manufacture,  but  have  been  due  to  an  en- 
deavor to  reduce  the  cost.  This  was  done  to  such  an  extent  that  good 
manufacture  and  design  were  impossible. 

It  is  subject  to  the  same  criticism  as  continuous-stave  pipe.  Con- 
duits of  poor  design  and  poor  material,  or  material  unsuited  for  the 
work,  have  given  the  impression  that  wood  pipe  as  a  whole  is  unsatis- 
factory and  short-lived. 

Modern  machine-banded  pipe  is  made  with  heavy  staves,  generally 
kiln-dried,  banded  with  galvanized  wire,  from  No.  6  to  No.  00  gauge, 
spaced  according  to  the  pressure.  The  wire  is  securely  fastened  to  the 
pipe  with  pressed-steel  clips  or  staples,  or  both.  Each  section  is  dipped 
in  asphalt  and  rolled  in  saw-dust,  the  asphalt  effectually  covering  the 
wire  and  staves,  and  the  adhering  saw-dust  permitting  it  to  be  handled 
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readily.  The  sections  of  light-pressure  pipes  are  joined  with  inserted 
or  slip- joint  connections,  being  sometimes  reinforced  with  a  steel  band 
equipped  with  a  shoe  for  cinching  tight.  On  high-pressure  pipes  (gen- 
erally for  more  than  100  ft.  static  head)  collars  are  used.  These  col- 
lars are  made  in  a  manner  similar  to  the  pipe,  the  sections  being 
tapered  and  driven  firmly  into  them.  On  pipes  of  large  diameter, 
operating  under  heavy  pressure,  the  collars  have  individual  bands  fitted 
with  shoes  for  cinching.  Riveted  steel  or  cast-iron  collars,  with  or 
without  bells,  are  also  used. 

The  foregoing  describes  the  pipe  generally  made  by  all  manufac- 
turers of  this  type,  and  represents  standard  practice.  Numerous  fail- 
ures have  rendered  the  recommendation  of  this  type  doubtful.  If 
investigations  were  made  into  the  actual  causes  of  the  failures,  the 
reasons  would  be  plain,  similar  designs  would  be  avoided,  and  there 
would  be  rigid  inspection  of  the  manufacture.  In  outlining  the  results 
of  the  methods  of  manufacture,  it  will  be  well  to  mention  the  reason 
that  fir  pipe  is  the  butt  of  the  criticism.  Fir  is  the  pipe  that  has 
failed,  the  oldest  lines  having  been  built  not  more  than  10  years,  the 
greater  number  being  of  comparatively  recent  date.  When  these  pipes 
were  made,  fir  was  chosen  as  it  was  the  cheaper  wood,  and  there  was  no 
criterion  as  to  longevity.  The  greater  number  of  failures  possibly 
originated  at  the  joints.  The  outer  edges  of  the  staves  in  the  collars, 
when  wood  collars  were  used,  decayed  rapidly  owing  to  the  fact  that 
fir  needs  saturation  for  preservation,  and  saturation  was  not  secured 
at  those  places.  Cast-iron  and  steel  collars  were  the  remedy,  but  have 
not  proved  successful,  owing  to  their  high  cost,  the  increased  weight, 
and  the  difficulty  of  making  tight  connections  and  plugging  leaks. 
Riveted  steel  collars  can  be  used  to  advantage  on  fir  or  pine  pipe,  as  they 
will  last  as  long  as  the  staves,  in  which  the  sap  wood  decays  rapidly. 

Redwood  collars  of  the  individual  banded  type  are  used  for  repair- 
ing  pipes  which  have  failed  at  the  joints.  The  decayed  fir  collar  is 
cut  off,  and  the  redwood  staves  are  put  in  position  and  cinched  tight. 
This  method  requires  no  further  attention,  and  can  be  applied  suc- 
cessfully at  any  joint  where  there  is  decay.  The  wire  is  cut  away  and 
securely  stapled,  and  the  redwood  collar  is  put  in  position. 

The  use  of  the  inserted  or  slip-joint  pipe  is  not  to  be  recommended. 
Such  a  connection  weakens  the  end  of  every  section,  because  nearly 
one-half  of  the  shell  of  the  pipe  is  cut  away  to  make  the  joint.     A 
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reinforcing  rod  is  often  used  to  draw  the  joint  tight,  but  if  the 
male  and  female  tenons  are  eccentric,  leakage  cannot  be  avoided. 
There  is  also  great  danger  of  injury  to  the  pipe  by  handling,  before 
and  during  shipment,  as  well  as  in  laying;  the  weakened  ends  are 
not  reinforced,  and  often  split  oflF  with  rough  handling.  The  collar 
connection  is  to  be  preferred,  as  it  will  insure  a  better  and  stronger 
pipe,  and  the  greater  length  of  life  will  warrant  the  increased  cost. 

Most  of  the  serious  failures  have  occurred  when  the  water  has  been 
drawn  out  of  the  conduit  for  any  length  of  time;  this  has  caused  the 
staves  to  dry  out  and  the  pipe  to  fall  to  pieces.  Failures  by  the  galvan- 
ized wire  breaking,  mainly  at  the  twist  splices,  are  serious,  as  the  entire 
section  of  pipe  on  which  svich  a  splice  occurs  must  be  removed. 

As  a  remedy  for  failure  by  decay,  machine-banded  pipes  are  now 
painted  or  dipped  in  a  protective  coating,  but  the  same  conditions  exist 
here  as  with  the  continuous-stave  pipe,  and  pitch  seams  and  sap  wood 
will  cause  failure,  even  in  coated  staves.  Coating  not  only  adds  to  the 
cost  of  manufacture,  but  increases  the  weight  materially.  Machine- 
banded  pipe,  being  essentially  a  factory  product,  its  cost  is  affected 
greatly  by  freight  rates,  as  shipment  from  factory  to  site  of  erection 
determines  the  economy  of  its  use  in  a  great  many  cases.  In  this  type 
redwood  has  a  distinct  advantage  over  fir  or  pine,  as  it  is  unnecessary 
to  apply  an  artificial  coating  to  preserve  the  staves;  therefore,  having 
no  coating  of  tar  or  asphalt,  and  well-seasoned  redwood  being  very  light, 
it  has  a  very  low  shipping  weight.  The  coating  often  serves  to  cover 
defects  in  material  and  manufacture.  Fir  and  pine  pipe  should  be 
inspected  rigidly  before  acceptance;  and  redwood  pipe  should  be  left 
open  to  inspection  and  thus  save  the  difference  in  weight  and  the  cost 
of  dipping.  Painting  the  wire  is  useless.  When  the  pipe  is  built  it  is 
impossible  to  be  so  careful  in  handling  that  none  of  the  paint  will  be 
scraped  off.  The  wire  exposed  in  one  spot  leaves  a  weak  place  at  which 
corrosion  may  start.  As  the  wire  is  wound  under  heavy  tension,  there 
can  be  no  protective  coating  on  it  where  it  touches  and  is  embedded 
in  the  wood ;  for  that  reason  only  a  small  part  of  its  surface  is  coated. 

To  prevent  machine-banded  pipe  from  drying  out  and  collapsing, 
thorough  drying  of  the  stave  material  and  proper  winding  are  neces- 
sary. By  the  use  of  thoroughly  dried  wood,  wound  under  heavy  tension 
in  the  wire,  with  close  spacing  to  draw  the  staves  together,  securely  and 
completely,  high-grade  pipe  is  obtained.     Tests   in  winding  redwood 
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pipe  show  that  a  tension  of  25  000  lb.  per  sq.  in.  in  the  wire  embeds  it 
securely  in  the  wood  and  draws  thoroughly  dry  staves  together  properly 
without  crushing  the  fiber  under  the  wire  or  along  the  edges  of  the 
staves.  A  tongue  slightly  longer  than  the  groove  also  assists  in  making 
the  pipe  water-tight  when  exposed  to  the  sun  after  the  water  is  drawn 
off.  Exhaustive  tests  at  the  plant  of  the  Redwood  Manufacturers  Com- 
pany, at  Pittsburg,  Cal.,  showed  that  this  tension  produces  a  pipe  having 
greater  strength,  in  resisting  possible  over-loads,  than  if  wound  under 
less  tension,  and  that  higher  tension  crushes  the  wood  fibers.  This 
initial  tension  in  the  wire  entirely  disappears  after  winding,  and  the 
ultimate  tension  is  that  due  solely  to  the  water  pressure. 

The  secret  of  correct  manufacture  is  the  thorough  seasoning  of  the 
wood.  Such  a  pipe  can  be  laid  directly  on  the  surface  of  the  ground 
and  exposed  to  the  heat  of  the  sun  without  injury.  A  slight  tongue 
and  groove  in  the  sides  of  the  staves  prevents  their  displacement  if 
they  shrink.  This  should  occur  only  to  a  slight  extent  under  most 
severe  conditions,  if  the  staves  are  properly  dried  and  a  proper  process 
of  winding  is  used. 

Kiln-dried  wood  should  not  be  used  for  machine-banded  pipe. 
Pitch  and  sap  should  not  be  allowed,  nor  should  untreated  or  uncoated 
fir  or  pine  be  used.  Redwood  does  not  need  treatment  to  insure  a  life 
at  least  as  long  as  treated  fir  or  pine.  Fir  or  pine  pipe  should  be  sup- 
plied with  cast-iron  collars  with  bell  hubs  for  caulking.  On  redwood 
pipe  redwood  collars  may  be  used,  and  as  the  wood  does  not  rely  on 
saturation  for  preservation,  machine-banded  and  continuous-stave  col- 
lars may  be  used  to  advantage.  Inserted  joint  connections  may  be 
used,  but  will  not  give  as  good  service  as  collars. 

In  choosing  a  thickness  of  stave,  it  is  only  necessary  to  use  that 
which  will  resist  percolation  successfully  and  can  be  built  into  a  pipe. 
Staves  must  have  sufficient  thickness  to  resist  the  stress  caused  by  the 
high  tension  in  the  wire  during  the  process  of  winding.  If  they  are 
of  redwood,  there  will  be  no  danger  of  decay  within  15  to  25  years, 
which  is  the  life  of  galvanized  wire. 

For  more  than  18  months  the  writer  has  investigated  tests  of  ma- 
chine-banded pipe  made  at  the  plant  of  the  Redwood  Manufacturers 
Company,  and  the  results  have  been  most  startling  as  well  as  gratifying. 
Continued  experiments  on  various  sizes  of  pipes  under  various  pressures 
liave  shown  that  redwood  pipe  made  according  to  the  specifications  for 
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Class  A,  of  the  given  thickness  of  stave,  and  wound  with  the  stated 
sizes  of  wire,  will  be  absolutely  water-tight,  and,  if  designed  with  a 
factor  of  safety  of  four  against  the  wire  breaking  and  a  value  of  800  lb. 
per  sq.  in.  for  bearing,  it  will  withstand  successfully  a  200%  over-load 
of  the  pressure  for  which  it  was  designed.  An  8-in.  pipe,  with  a  shell 
only  \^  in.  thick,  and  wound  with  No.  8  wire  (0.16'2  in.  in  diameter), 
with  a  spacing  of  2|  in.  from  center  to  center,  to  withstand  a  75-ft. 
head,  has  operated  successfully  under  a  greater  head  than  200  ft. 
Further,  this  same  pipe,  wound  for  various  pressure  heads,  has  been 
connected  to  the  boiler  feed  pump,  in  the  engine-room  at  the  factory  of 
the  Eedwood  Manufacturers  Company,  and  subjected  to  pressures  vary- 
ing constantly  between  15  and  75  lb.,  has  withstood  successfully,  and  is 
still  operating  with,  over-loads  as  high  as  80  lb.,  and  has  shown  no 
leakage. 

Wood  pipe  failures,  when  occurring  in  the  body  of  the  pipe,  gen- 
erally appear  first  along  the  longitudinal  seams,  which  open  up,  allow- 
ing leakage.  This  is  caused  by  the  wire  sinking  into  the  wood;  in  other 
words,  the  bearing  between  the  wire  and  the  wood  being  destroyed,  the 
staves  move  outward  and  the  seams  open.  When  this  occurs  the  pipe  is 
a  failure.  After  such  failure  the  staves  return  to  their  normal  posi- 
tions on  release  of  the  pressure,  and  the  pipe  will  still  operate  success- 
fully under  the  pressure  for  which  it  was  designed. 

It  makes  no  difference  whether  the  thickness  of  a  stave  is  1  or  2  in. ; 
after  the  outer  -^^  or  ^  ia.  has  decayed,  the  staves  move  outward  and 
the  pipe  fails.  With  thin  staves,  however,  which  can  receive  more  per- 
fect saturation,  the  maximum  life  is  obtained. 

The  process  of  winding  the  wire  on  the  pipe  and  drawing  the  wood 
together  with  the  proper  tension  in  the  wire,  actually  determines  the 
thickness  of  the  staves.  If  the  latter  are  too  thin,  they  camiot  be 
drawn  into  a  firm  seat  against  each  other,  but  will  buckle;  the  limiting 
thickness  must  be  determined  by  experiment.  During  winding,  a  con- 
stant and  uniform  tension  should  be  kept  on  the  wire,  drawing  in  the 
staves  sufficiently  to  make  all  joints  absolutely  tight  without  crushing 
the  wood.  The  closer  the  wire  is  spaced  in  this  winding  the  better  the 
staves  are  drawn  together,  and  the  tension  required  to  do  so  is  a 
minimum.  A  gauge,  registering  the  actual  tension  in  the  wire,  should 
be  directly   in  front  of  the  operator  of  the  winding  machine.     The 
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tension  varies,  of  course,  with  the  diameter  of  the  pipe  and  the  spacing 
of  the  wire. 

It  is  quite  proper  to  give  some  guaranty  of  wood  pipe, design  to  the 
purchaser.  When  buying  cast-iron  or  steel  pipe,  the  head  the  pipe  will 
withstand  is  known,  but  in  wood  pipe  design  and  manufacture  there 
are  so  many  uncertainties  that,  without  some  guaranty  of  its  strength, 
an  engineer  is  at  a  loss  to  know  its  quality.  He  can  check  up  the  size 
of  the  wire  and  the  spacing,  but  knows  nothing  as  to  the  care  in 
manufacture.  If  a  pipe,  guaranteed,  say,  for  50  or  100%  over-load, 
can  be  obtained,  the  engineer  then  has  a  basis  on  which  to  work,  and 
this  is  the  ultimate  method  of  correct  manufacture  to  be  expected. 
To  secure  a  theoretical  and  practical  basis  for  the  design  of  machine- 
banded  pipe  and  to  determine  an  over-load  for  a  guaranty,  was  the 
object  of  the  tests  just  mentioned. 

A  radical  departure  from  customary  methods  of  pipe  design  is 
necessary  to  secure  desired  results.  It  must  be  remembered  that,  in 
mending  a  hoe  handle,  the  farmer  takes  a  small  fine  wire  and  wraps 
it  as  close  as  possible  around  the  fractured  part.  He  does  not  take  a 
heavy  wire  and  wind  the  handle  with  wide  spacing.  The  correct 
principle  of  pipe  winding  is  similar:  Use  small  wire  closely  spaced, 
giving  sufficient  steel  with  such  spacing  as  to  insure  a  factor  of  safety 
of  at  least  four  against  rupture  under  tension  in  the  wire.  A  closer 
spacing  is  required  on  small  pipe  to  prevent  the  wire  from  sinking 
into  the  wood  because  of  insufficient  bearing  area.  The  use  of  small 
wire  increases  the  bearing  area  between  wire  and  wood.  The  reason 
for  this  can  be  readily  understood,  but  the  lasting  quality  of  the 
small  wire  has  to  be  considered. 

Repeated  tests  and  consultations  with  high  authority  on  wire 
manufacture,  and  a  study  of  the  reasons,  would  show  that  the  smaller 
wires  are  as  well  protected  with  galvanizing  as  the  larger  ones,  and, 
if  anything,  a  little  better.  The  "Western  Union  test,  taken  as  a  method 
of  comparing  the  galvanizing  on  various  sizes  of  wire,  gave  results 
which  favored  the  smaller  wires.  The  authorities,  who  are  the  wire 
manufacturers,  state  that  the  smaller  wires  are  better  galvanized 
because  more  care  is  taken  with  them  in  order  to  secure  a  product  of 
the  very  highest  grade.  The  reason  is  that,  on  account  of  the  smaller 
wires  being  in  greater  demand,  more  care  is  taken  to  secure  a  uniform 
and  high-grade  product.     In  any  factory  output,   market  conditions 
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must  be  considered,  and  in  the  wire  market  small  wire  is  of  the  best 
quality.  Another  reason  for  the  use  of  small  wire  is  the  danger  of 
destroying  the  galvanizing  on  large  wire  when  winding  pipe  of  small 
diameter.  It  is  common  to  find  a  path  of  spelter  directly  under  the 
pipe  winding  machine  when  winding  small  pipe  with  heavy  wire,  the 
result  of  the  galvanizing  spalling  off.  It  is  also  found  to  spall  off  in 
splicing  with  the  old  twist,  or  Western  Union  splice.  Splicing  is 
necessary  when  coming  to  the  end  of  the  coil  of  wire  while  winding 
a  section  of  pipe,  and  is  of  frequent  occurrence  when  winding  heavy- 
pressure  pipe  where  close  spacing  is  required.  In  making  this  splice 
the  wire  is  twisted  arovmd  its  own  diameter,  and  this  injures  the 
zinc  coating. 

Maximum  efficiency  is  secured  where  there  are  no  splices.  Electro- 
welding  with  re-galvanizing  has  been  tried,  but  the  re-galvanizing  is 
unsatisfactory,  and,  until  better  methods  are  obtained,  splices  should 
be  eliminated.  All  fastenings  holding  wire  in  place  on  pipe  should  be 
galvanized.     Pressed-steel  clips  will  rust  if  not  protected. 

The  essential  feature  for  success  in  machine-banded  pipe  is  the 
proper  use  of  the  proper  materials.  The  wrong  use  of  a  good  material 
will  be  as  productive  of  failure  as  the  use  of  poor  material. 

With  high-grade  lumber  and  a  high-grade  wire,  with  which  every 
precaution  is  taken  for  protection  against  corrosion,  and  with  scien- 
tific methods  of  pipe  winding,  thinner  staves  and  smaller  wire  may 
be  used.  If  reliance  can  be  placed  on  the  manufacturers,  such  methods 
will  result  in  economy. 

The  foregoing  comments  and  suggestions  are  not  intended  to  serve 
as  a  theoretical  basis  for  pipe  manufacture,  but  to  point  out  the 
methods  in  use  to-day  by  the  various  manufacturers.  The  detri- 
mental features  are  pointed  out,  the  scientifically  based  principles 
are  outlined,  and  the  specifications  in  the  Appendix  are  suggested 
for  securing  uniform  practice,  thus  enabling  engineers  to  know  what 
type  they  will  obtain  when  they  call  for  bids. 

The  specifications  should  be  based  on  the  use  to  which  the  pipe 
will  be  put.  No  engineer  would  think  of  calling  for  1:2:4  concrete 
for  rough  foundation  work,  where  water-tightness  and  strength  are 
only  secondary  considerations.  Neither  would  he  specify  a  1:3:6 
mix  for  concrete  conduits,  where  both  density  and  maximum  strength 
are  required.    It  is  the  same  with  wood  pipe.    For  cheap  lines  of  short 
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duration,  such  as  construction  work,  when  the  pipe  will  be  abandoned 
after  a  few  months  or  a  year,  a  low-grade  uncoated  fir  or  pine  pipe 
may  be  chosen.  On  temporary  work  requiring  a  life  of  5  or  6  years, 
a  good  grade  of  uncoated  fir  and  pine  pipe  may  well  serve.  For  8, 
12,  or  15  years'  service,  a  good,  properly  painted  fir  pipe  may  be  used 
to  advantage.  For  permanent  work,  redwood  should  be  selected,  or 
fir  or  pine  of  high-grade  staves  kept  saturated  and  well  painted. 

Owing  to  the  various  grades  of  work  in  which  fir  or  pine  pipes 
are  used,  alternate  specifications  are  given,  but,  as  redwood  would 
only  be  selected  for  permanent  work,  and  for  some  conditions  in 
which  fir  or  pine  would  fail,  such  as  in  low-pressure  work,  only  one 
specification  is  given  for  this  wood,  and  this  covers  the  highest  grade. 

It  is  sincerely  hoped  that  this  paper  may  lead  to  a  definite  idea 
of  the  merits  of  wood  pipe  and  the  adoption  of  uniform  specifications. 

In  writing  specifications  for  wood  pipe,  various  pipes  will  be  desig- 
nated by  classes,  based  on  the  nature  of  the  work  they  are  to  do. 

Continuous-Stave  Pipe. 

Class  A. — A  pipe  having  a  maximum  life,  under  all  conditions, 
and  this  will  be  25  years  when  receiving  no  care  whatsoever;  a  life 
greater  than  25  years,  if  under  continuous  operation;  and  a  probable 
life  of  50  years,  or  more,  if  in  continuous  operation  under  at  least  a 
moderate  head,  if  the  bands  are  given  attention  and  corroded  ones 
are  renewed.    This  includes  pipe  made  from  clear,  air-dried  redwood. 

Class  B. — This  class  includes  coated  pine  or  fir,  in  such  a  situ- 
ation as  to  be  open  to  continuous  inspection,  so  that  it  may  be  given 
constant  attention,  comprising  re-painting  staves  and  renewing  bands. 

This  pipe  will  be  placed  under  Class  A,  on  theory  only,  as  ex- 
perience has  not  yet  confirmed  such  an  assumption. 

Class  C. — This  class  will  have  a  maximum  life  of  10  years  and  an 

average  life  of  7  years.     It  will  include  uncoated  fir,  pine,  or  other 

suitable  wood. 

]VL\chine-Banded  Pipe. 

Class  A. — This  class  will  have  a  life  of  from  15  to  25  years  when 
receiving  no  attention ;  a  longer  life  under  ideal  conditions,  as  when 
laid  in  soils  having  the  least  possible  corrosive  effect  on  the  galvanized 
wire,  and  when  operating  under  pressure,  so  as  to  insure  complete 
saturation   of   the   wood.     Pipes  of  this  class   will  be  guaranteed  to 
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withstand  severe  conditions  of  over-load,  such  as  in  hydro-electric  work, 
general  water-works  for  city  supply,  and  high-pressure  pumping  lines; 
and  will  be  guaranteed  to  withstand  an  over-load  of  100%  under  test. 

It  will  include  pipes  of  clear,  air-dried,  redwood,  manufactured 
according  to  the  specifications  in  the  Appendix. 

Class  B. — This  class  will  have  a  life  of  at  least  10  years,  and  a 
probable  life  not  exceeding  15  years.  It  will  include  pipe  made  of 
redwood,  or  of  coated  fir  or  pine,  etc.,  manufactured  according  to 
present-day  standards,  as  indicated  by  the  specifications  covering  this 
class. 

Class  C. — Pipes  of  this  class  will  be  used  for  temporary  work  only, 
and  may  be  manufactured  from  redwood,  fir,  pine,  or  any  other  wood, 
with  or  without  coating,  as  desired. 
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APPENDIX. 

Specifications  for  Continuous-Stave  Pipe,  Class  A. 

The  staves  shall  be  of  clear,  air-dried,  California  redwood,  seasoned 
at  least  one  year  in  the  open  air,  and  shall  be  free  from  knots  (except 
small  knots  appearing  on  one  face  only),  sap,  dry  rot,  wind-shakes, 
pitch,  pitch  seams,  pitch  pockets,  or  other  defects  which  would  mate- 
rially impair  their  strength  or  durability.  The  sides  of  the  staves 
shall  be  milled  to  conform  to  the  inside  and  outside  radii  of  the  pipe; 
and  the  edges  shall  be  beveled  to  true  radial  planes.  The  staves  shall 
be  milled  from  stock  sizes  of  lumber,  the  net  finished  thickness  of  the 
stave,  for  the  various  diameters  of  pipe,  shall  be  as  given  in  Table  2. 
The  ends  shall  be  cut  square  and  slotted  to  receive  the  metallic  tongues 
which  form  the  butt  joints.  The  slots  shall  appear  in  the  same  position 
on  each  stave,  and  shall  be  cut  to  make  a  tight  fit  with  the  tongues 
in  all  directions.  The  staves  shall  have  an  average  length  of  at  least 
15  ft.  6  in.,  and  not  more  than  1%  shall  have  a  length  of  less  than 
9  ft.  6  in.     Staves  shorter  than  8  ft.  will  not  be  accepted. 

The  metallic  tongues  to  insert  in  the  slots  in  the  ends  of  the  staves 
shall  be  made  from  1^  by  |^-in.  band  iron,  and  shall  be  cut  ^^  in. 
longer  than  the  slot  in  the  stave,  so  that,  after  the  pipe  is  cinched, 
they  will  penetrate  the  adjoining  staves,  thereby  making  a  water- 
tight joint. 

The  bands  for  pipes  of  large  diameter  shall  be  in  two  sections; 
those  for  the  smaller  sizes  shall  be  in  one  section.  The  bands  shall 
be  spaced  on  the  pipe  with  a  factor  of  safety  of  at  least  four,  and 
shall  consist  of  round,  mild-steel  rods,  connected  with  malleable-iron 
shoes.  Either  open-hearth  or  Bessemer  steel  may  be  used.  The  phos- 
phorovis  content  in  open-hearth  steel  shall  not  exceed  0.06;  in  Bessemer 
steel  it  shall  not  exceed  0.10.  The  ultimate  strength  shall  be  from 
55  000  to  65  000  lb.  per  sq.  in.  Steel  having  an  ultimate  strength 
of  more  than  65  000  lb.  per  sq.  in.  will  not  be  rejected  provided  it 
shows  an  elongation  of  not  less  than  26%  in  8  in.  The  yield  points 
shall  be  not  less  than  one-half  the  ultimate  strength,  and  shall  be 
determined  by  the  drop  of  the  beam  of  the  testing  machine.  A 
minimum  percentage  in  8  in.  of  1 400  000  divided  by  the  ultimate 
tensile  strength  shall  be  taken  as  the  elongation;  but,  the  following 
modifications  shall  be  made  for  bands  less  than  y^  in.  and  more  than 
I  in.  in  diameter. 

(a).  For  each  increase  of  i  in.  in  diameter  greater  than  |  in. 
a  deduction  of  1  shall  be  made  from  the  specified  percentage  of 
elongation. 

(b).  For  each  decrease  of  ^  in.  in  diameter  less  than  y'^  in.  a 
deduction  of  1  shall  be  made  from  the  specified  percentage  of  elon- 
gation. 
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The  rods  or  bands  shall  be  capable  of  bending  180°  around  a 
diameter  equal  to  that  of  the  specimen  tested,  without  fracture  on 
either  side.  The  threads  shall  be  cold-rolled.  United  States  Standard; 
the  threaded  portion  of  the  band  shall  have  an  ultimate  strength 
equal  to  that  required  for  the  rods.  The  nut  shall  conform  to  the 
Colorado  Fuel  and  Iron  Company's  standard*  for  the  respective 
diameters,  and  shall  be  tapped  so  as  to  make  a  snug  but  easy  running 
fit.  The  bands  shall  be  provided  with  button  heads,  according  to 
the  Colorado  Fuel  and  Iron  Company's  standard,*  and  the  heads  and 
the  sections  under  the  heads  shall  not  fail  at  less  than  is  required 
for  the  body  of  the  rod  when  tested  through  a  U-slot.  One  bending 
and  two  tension  tests  shall  be  made  on  the  rods  for  each  melt  of  open- 
hearth  steel,  and  one  bending  and  one  tension  test  for  each  blow  of 
Bessemer  steel  rolled.  Two  bands  for  each  blow  or  melt  shall  be 
tested  against  the  head  and  thread.  The  bands  shall  be  subject  to 
rejection  if  the  actual  weight  of  any  lot  varies  more  than  5%  above 
or  below  the  theoretical  weight  of  that  lot.  The  bands  shall  be  free 
from  any  injurious  seams,  flaws,  or  cracks,  and  shall  have  a  workman- 
like finish. 

The  shoes  shall  be  of  the  Allen  type,  fitting  closely  to  the  outside 
curvature  of  the  pipe,  and  designed  so  that,  after  the  bands  are  cinched 
tight,  they  will  lie  in  a  plane  at  right  angles  to  the  horizontal  axis 
of  the  pipe.  The  shoes  shall  be  clean  castings,  made  from  the  best 
grade  of  malleable  iron,  free  from  flaws,  tags,  or  blow-holes;  and  shall 
have  a  tensile  strength  of  about  40  000  lb.  per  sq.  in.  The  shoes  shall 
be  guaranteed  to  be  stronger  under  test  than  the  bands  with  which 
they  are  to  be  used. 

The  coating  for  all  metal  work — shoes,  bands,  or  tongues — shall 
be  a  high-grade  preservative  paint,  of  such  consistency  that  it  will 
not  run  in  hot  weather  or  peel  off  in  cold  weather. 

The  coating  for  the  bands  shall  be  hot,  and  the  bands  shall  remain 
in  the  liquid  for  sufficient  time  to  insure  that  they  will  attain  the 
same  temperature  as  the  liquid. 

When  a  conduit  is  to  be  erected  in  a  tropical  climate,  similar  to 
that  of  the  Hawaiian  Islands,  the  Philippines,  Central  America,  etc.. 
all  metal  work  shall  be  protected  with  red  lead  or  galvanizing.  The 
red  lead  shall  be  of  the  best  quality,  containing  approximately  10% 
of  litharge  to  insure  drying  without  scaling.  The  bands,  on  coming 
from  the  rolls,  shall  be  dipped  in  linseed  oil  to  prevent  the  formation 
of  mill  scale  prior  to  the  application  of  the  red  lead.  The  galvanizing 
shall  be  of  a  standard  quality,  giving  a  full  and  complete  coating 
to  the  metal  over  its  entire  surface. 

The  diameters  of  the  rods  and  the  maximum  allowable  spacing  shall 
be  as  given  in  Table  2. 

•  Or  other  specified  standard — the  C.  F.  &  I.  being  that  generally  accepted. 
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TABLE  2. — Details  of  Design  fok  Continuous-Stave  Pipe. 
Classes  A,  iJ,  and  C. 
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Specifications    for    Continuous-Stave    Pipe,    Class    B. 

The  staves  for  uiicoated  redwood  pipe  shall  be  the  same  as  those 
specified  for  Class  A,  continuous-stave  pipe. 

The  staves  for  coated  pipe  shall  be  of  yellow  fir  (Douglas  fir), 
redwood,  or  such  other  wood,  acceptable  to  the  engineer,  as  may  be 
specified  by  the  bidder  at  the  time  of  submitting  his  proposal.  The 
wood  shall  be  sound,  straight-grained,  and  free  from  dry  rot,  pitch 
seams,  pitch  pockets,  checks,  wind-shakes,  bruised  ends,  sap  wood, 
and  other  imperfections  which  would  impair  its  strength  or  dur- 
ability. Through  knots  or  knots  at  the  ends  or  edges  of  staves  will 
not  be  allowed.  Sound  knots  and  knots  not  exceeding  i  in.  in 
diameter,  not  falling  within  the  foregoing  limitations,  nor  exceeding 
three  within  a  10-ft.  length,  will  be  accepted.  Before  milling,  all  lum- 
ber shall  be  seasoned  by  air-drying  for  not  less  than  60  days,  in  open 
piles,  or  by  thorough  kiln-drying.  The  sides  of  the  staves  shall  be 
milled  to  conform  to  the  inside  and  outside  radii  of  the  pipe;  and 
the  edges  shall  be  beveled  to  true  radial  planes.  The  ends  shall  be 
cut  square  and  slotted  to  receive  the  metallic  tongues  which  form  the 
butt  joints.  The  slots  shall  appear  in  the  same  position  on  each  stave, 
and  shall  be  cut  to  make  a  tight  fit  with  the  tongues  in  all  directions. 
The  staves  shall  have  an  average  length  of  at  least  16  ft.,  and  not 
more  than  1%  shall  have  a  length  of  less  than  9  ft.  6  in.  Staves 
shorter  than  8  ft.  will  not  be  accepted.  The  specifications  for  the 
tongues,  rods,  and  shoes,  and  for  the  coating  of  the  metal  work  shall 
be  the  same  as  for  Class  A  pipe. 

Redwood  pipe  need  not  be  protected  with  any  artificial  coating. 
Pipe  made  of  fir  or  other  wood  shall  be  coated.  This  coating  shall 
be  continuous  and  heavy  ;  it  shall  be  not  less  than  -j-\.  in.  thick, 
and  shall  consist  of  more  than  one  individual  coat  of  a  mixture 
of  asphaltum  and  tar.  The  first  coating  shall  be  allowed  to  dry  thor- 
oughly before  the  application  of  the  second.  The  coating  shall  be 
hard,  tough,  durable,  perfectly  water-proof,  and  strongly  adhesive 
to  the  metal  and  the  staves.  It  shall  show  no  tendency  to  flow  under 
a  summer  temperature,  and  shall  not  become  brittle,  so  as  to  crack 
or  scale,  under  a  freezing  temperature.  The  coating  shall  be  well 
spread  and  rubbed  in  with  brushes,  or  shall  be  applied  as  a  spray 
under  pressure;  but,  in  either  case,  all  cracks,  checks,  or  other  surface 
irregularities   shall  be  thoroughly  covered   and  filled. 

Specifications  for  Continuous-Stave  Pipe,  Class  C. 

The  staves  shall  be  of  Douglas  fir,  redwood,  or  other  wood  accept- 
able to  the  engineer.  The  wood  shall  be  sound,  straight-grained,  free 
from  dry  rot,  checks,  wind-shakes,  and  other  imperfections  which  would 
impair  its  strength  or  adaptability  for  pipe  construction.     Sap  will 
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not  be  allowed  on  more  than  10%  of  the  inside  face  of  any  stave,  and 
in  not  more  than  10%  of  the  total  nimiber  of  pieces.  The  sap  shall 
be  bright,  and  shall  not  occur  within  4  in.  of  the  end  of  any  piece. 
Pitch  seams  will  be  permitted  in  not  more  than  10%  of  the  total 
number  of  pieces,  if  showing  on  the  edge  only  and  if  not  longer  than 
4  in.  or  wider  than  ^^  in.  Through  knots  or  knots  at  the  edge  or 
within  6  in.  of  the  ends  of  the  staves  will  not  be  allowed.  Sound 
knots  not  exceeding  ^  in.  in  diameter,  not  falling  within  the  foregoing 
limitations,  nor  exceeding  three  within  a  10-ft.  length,  will  be  accepted. 
Before  milling,  all  lumber  shall  be  seasoned  by  air-drying  for  not 
less  than  60  days,  in  open  piles,  or  by  thorough  kiln-drying.  The 
sides  of  the  staves  shall  be  milled  to  conform  to  the  inside  and  out- 
side radii  of  the  pipe;  and  the  edges  shall  be  beveled  to  true  radial 
planes. 

The  remainder  of  the  specifications  are  as  outlined  for  Class  B 
pipe,  except  that  the  coating  of  the  pipe  may  be  omitted. 

Specifications  for  Machine-Banded  Pipe,  Class  A. 

The  staves  shall  be  of  clear,  air-dried,  California  redwood,  sea- 
soned at  least  one  year  in  the  open  air,  and  shall  be  free  from  knots 
(except  small  knots  appearing  on  one  face  only),  sap,  dry  rot,  wind- 
shakes,  pitch,  pitch  seams,  pitch  pockets,  or  other  defects  which 
would  materially  impair  their  strength  or  durability.  The  sides  of 
the  staves  shall  be  milled  to  conform  to  the  inside  and  outside  radii 
of  the  pipe;  the  edges  shall  be  beveled  to  true  radial  planes,  and  shall 
also  have  a  small  tongue  and  groove.  After  the  staves  are  built  up 
in  sections,  the  ends  shall  be  cut  square,  and  a  smooth  tenon  shall 
be  turned  on  the  end  of  each  section,  to  make  a  tight  fit  with  the 
collars  or  couplings.  The  sections  shall  be  in  random  lengths  of  from 
8  to  20  ft.  The  staves  shall  be  milled  from  stock  sizes  of  lumber.  The 
net  finished  thickness  of  the  stave,  for  the  various  diameters  of  pipe, 
shall  be  as  given  in  Table  3. 

Both  pipe  and  wire-wound  collars,  when  such  are  used,  shall  be 
wound  spirally  with  a  heavily  galvanized  steel  pipe-winding  wire. 
This  wire  shall  be  of  such  a  size,  and  spaced  at  such  a  distance  (accord- 
ing to  the  head  under  which  the  pipe  will  operate),  as  to  give  a  factor 
of  safety  of  at  least  four  against  breaking.  This  wire  shall  also  be  of 
such  a  size,  and  spaced  at  such  a  distance,  as  to  give  a  bearing  surface 
which  will  make  the  pipe  safe  against  failure  by  the  wire  sinking  into 
the  wood  under  pressure,  which  might  cause  the  pipe  to  leak  along  the 
longitudinal  joints.  The  sizes  and  spacing  of  the  wire  for  the  various 
sizes  of  pipe  operating  under  different  pressure  heads  shall  be  as 
given  in  Table  3. 

The  ends  of  the  wire  shall  be  fastened  securely  to  the  pipe  with 
pressed-steel  or  malleable-iron  clips,  which  shall  be  protected  against 
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TABLE  3. — Machine-Banded  Pipe. 


ID 

Spacing  of  Wire,  in  Inches,  for  Various  Heads,  in  Feet. 

ft 

25 

50 

75 

100 

125      150 

i 

175 

200 

225 

250 

275 

300 

325 

350    375 

400 

Class  A. 


2 
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4 
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% 

% 
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12 
12 
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10 
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i3/i« 
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4 
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?4 

»/io 
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"/lO 
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»/i« 

Vio 
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corrosion  by  galvanizing;  or  Sherardiziiigr.  and  there  shall  be  no  splices 
in  the  wire  on  any  section  of  pipe  or  collar.  The  wire  sliall  have  a 
tensile  strength  of  from  60  000  to  65  000  lb.  per  sq.  in.,  and  an  elastic 
limit  of  not  less  than  50%  of  the  ultimate  strength,  and  shall  be  wound 
under  sufficient  tension  to  be  firmly  seated  in  the  wood  without 
crushing  the  fibers.  The  tension  under  whicii  the  wire  is  wound  on 
the  pipe  shall  be  between  25  000  and  30  000  lb.  per  sq.  in.  All  wire 
used  in  the  manufacture  of  machine-banded  pipe  shall  withstand  a 
test  for  condition  of  galvanizing;  this  test  shall  consist  of  three  of 
the  four  immersions  in  the  testing  solution,  specified  as  the  Western 
Union  test,  which  reads  as  follows : 

"Method   of   Testing. — Samples   of   wire,    previously    cleaned    with 
gasoline  or  benzine,  shall  be  immersed  to  a  distance  of  at  least  4  in. 
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in  a  glass  vessel  containing  not  less  than  one  pint  of  the  standard 
solution,  and  allowed  to  remain  for  one  minute.  They  shall  then 
be  removed,  washed  in  clear  water,  and  wiped  dry  with  soft  cotton 
cloth  or  waste.  This  process  shall  be  repeated  three  times,  making 
four  immersions  in  all." 

A  saturated  solution  of  sulphate  of  copper,  having  a  specific  gravity 
of  1.186  and  a  temperature  of  65°  Fahr.,  shall  be  taken  as  the  standard 
solution.  The  temperature  of  the  solution  during  the  test  shall  not 
be  above  68°  nor  below  62°  Fahr.  If  a  bright  copper  deposit  appears 
on  the  steel  after  the  fourth  immersion,  thus  indicating  that  the 
wire  is  exposed,  the  galvanizing  represented  by  the  samples  shall  be 
considered  faulty.  Three  of  these  immersions  without  showing  signs 
of  copper,  shall  be  considered  as  the  test  for  the  pipe  winding  wire. 

Wooden  collars  or  other  couplings  shall  be  furnished  under  the 
following  specifications : 

Continuous-stave  and  machine-banded  collars  shall  be  made  in  the 
same  manner  as  the  pipe,  the  staves  being  6  or  8  in.  long,  depending  on 
the  diameter  of  the  pipe.  Pipe  from  2  to  6  in.  in  diameter,  inclusive, 
shall  have  collars  6  in.  long;  pipes  of  larger  diameters  shall  have 
collars  8  in.  long.  The  continuous-stave  collar  shall  be  banded  with 
i-in.  round,  mild-steel  rods,  held  together  by  straight-pull,  malleable 
pipe  shoes,  and  a  nut.  The  machine-banded  collar  shall  be  wound  with 
the  same  wire  as  the  pipe,  and  in  the  same  manner,  but  the  wire 
shall  be  spaced  closer  in  order  to  make  it  stronger  than  the  pipe. 

For  the  inserted  joint  connection,  each  section  of  pipe  shall  be 
mortised  and  tenoned  with  a  male  and  female  joint. 

Inserted  joint  connections  shall  be  used  on  pipe  operating  under 
pressures  not  exceeding  a  static  head  of  25  ft.  and  in  sizes  up  to  and 
including  pipe  of  12  in.  inside  diameter.  All  other  sizes,  and  the  afore- 
mentioned sizes  under  higher  heads,  shall  have  machine-banded  collars 
when  operating  under  static  water  pressure,  or  under  a  pumping 
pressure  in  which  there  will  be  no  excessive  pulsations.  In  all  cases, 
machine-banded  collars  shall  be  preferred  to  the  inserted  or  slip  joint. 
On  pipes  having  an  inside  diameter  of  12  in.  or  greater,  in  pumping 
lines  for  hydro-electric  work,  where  over-load,  pulsation,  or  hammer 
are  very  likely  to  occur,  continuous-stave  collars  shall  be  used. 

All  pipe  shall  be  guaranteed  to  withstand  an  over-load  of  at  least 
50%  when  operating  in  flow  lines  not  subject  to  over-load  strains  of 
any  kind,  and  shall  be  guaranteed  to  withstand  a  100%  over-load  when 
operating  under  all  other  conditions. 

Specifications  for  Machine-Banded  Pipe,  Class  B. 
The  staves   shall  be  of  clear,   air-dried   redwood,   uncoated,   or   of 
fir   protected   by   a   coating   having   an   asphaltic  base,   and   rolled   in 
saw-dust. 
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The  staves  for  uucoated  redwood  pipe  shall  be  the  same  as  specified 
for  Class  A  machine-banded  pipe. 

The  staves  for  coated  pipe  shall  be  of  yellow  fir  (Douglas  fir), 
redwood,  or  such  other  wood,  acceptable  to  the  engineer,  as  may  be 
specified  by  the  bidder  at  the  time  of  submitting  his  proposal.  The 
wood  shall  be  sound,  straight-grained,  and  free  from  dry  rot,  pitch  seams, 
pitch  pockets,  checks,  wind-shakes,  bruised  ends,  sap  wood,  and  other 
imperfections  which  would  impair  its  strength  or  durability.  Through 
knots  or  knots  at  the  ends  or  edges  of  staves  will  not  be  allowed. 
Sound  knots  and  knots  not  exceeding  i  in.  in  diameter,  not  falling 
within  the  foregoing  limitations,  nor  exceeding  three  within  a  10-ft. 
length,  will  be  accepted.  Before  milling,  all  lumber  shall  be  seasoned 
by  air-drying  for  not  less  than  60  days,  in  open  piles,  or  by  thorough 
kiln-drying.  The  sides  of  the  staves  shall  be  milled  to  conform  to 
the  inside  and  outside  radii  of  the  pipe;  the  edges  shall  be  beveled 
to  true  radial  planes,  and  shall  be  provided  with  a  small  tongue  and 
groove.  After  the  staves  are  built  up  in  sections,  the  ends  shall  be 
cut  square,  and  a  smooth  tenon  shall  be  turned  on  the  end  of  each 
section,  to  make  a  tight  fit  with  the  collars  or  couplings.  The  sections 
shall  be  in  random  lengths  of  from  8  to  24  ft.,  the  limits  for  redwood 
pipe  being  from  8  to  20  ft.  and  for  fir  pipe  from  8  to  24  ft. 

The  thickness  of  the  staves  of  redwood  pipe  shall  be  the  same  as 
specified  for  Class  A  pipe. 

For  pipe  of  fir  and  other  woods  the  thickness  of  the  staves  shall 
be  as  given  in  Table  3. 

The  pipe  shall  be  wound  spirally  with  a  special,  heavily  galvanized, 
steel  pipe-winding  wire,  and  spaced  with  a  factor  of  safety  of  four. 
The  size  of  the  wire  shall  depend  on  the  diameter  of  the  pipe  and  the 
pressure.  Further,  the  wire  shall  be  of  such  a  size,  and  spaced  at 
such  a  distance,  as  to  insure  the  pipe  against  failure  by  the  wire 
sinking  into  the  wood  and  allowing  the  longitudinal  seams  to  open. 

The  ends  of  the  wire  shall  be  fastened  securely  with  pressed-steel 
or  malleable-iron  clips,  which  shall  be  protected  against  corrosion  by 
galvanizing  or  Sherardizing.  The  wire  shall  have  a  tensile  strength 
of  from  50  000  to  65  000  lb.  per  sq.  in.,  and  an  elastic  limit  of  not  less 
than  50%  of  the  ultimate  strength,  and  shall  be  wound  under  suffi- 
cient tension  to  be  firmly  seated  in  the  wood  without  crushing  the 
fibers. 

Redwood  pipe  may  be  furnished  with  connections  of  the  same  type 
as  specified  for  Class  A  pipe.  If  fir  or  other  woods  are  used,  cast-iron 
collars  shall  be  provided  for  connecting  sections  of  pipe.  These  cast- 
iron  collars  shall  be  of  pure,  gray  iron,  of  the  highest  grade,  free 
from  tags,  blow-holes,  or  other  imperfections  which  would  impair  their 
strength.  The  inserted  joint  connections  may  be  used  under  the 
same  conditions   as   specified  for   Class   A   pipe,  but  shall  be  heavily 
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coated  with  protective  compound  after  erection.  If  wire-wound  collars 
or  continuous-stave  collars  are  used,  they  shall  be  made  of  redwood 
staves. 

Redwood  pipe  need  not  be  protected  with  any  artificial  coating. 
Pipe  made  of  fir  or  other  wood  shall  be  coated.  This  coating  shall 
be  continuous  and  heavy  ;  it  shall  be  not  less  than  -^^  in.  thick,  and 
shall  consist  of  more  than  one  individual  coat  of  a  mixture  of 
asphaltum  and  tar.  The  coating  shall  be  hard,  tough,  durable,  per- 
fectly water-proof,  and  strongly  adhesive  to  the  metal  and  the  staves. 
It  shall  show  no  tendency  to  flow  under  a  summer  temperature,  and 
shall  not  become  brittle,  so  as  to  crack  or  scale,  under  a  freezing  tem- 
perature. The  pipe  shall  be  hot-dipped,  and  its  tenoned  ends  shall  be 
protected  during  the  dipping  so  as  to  prevent  the  mixture  from  getting 
on  the  inside  of  the  pipe.  After  the  pipe  has  been  dipped  it  shall  be 
rolled  down  an  incline  covered  with  fine  saw-dust  in  order  to  cover 
it  and  enable  it  to  be  handled  without  the  coating  sticking  to  surfaces 
with  which  it  comes  in  contact.  The  guaranties  shall  be  the  same 
as  those  applying  to  Class  A  pipe. 

Specifications  for  Machine-Banded  Pipe,  Class  C. 

The  staves  shall  be  of  Douglas  fir,  redwood,  or  other  wood  acceptable 
to  the  engineer.  The  wood  shall  be  sound,  straight-grained,  and  free 
from  dry  rot,  checks,  wind-shakes,  wane,  and  other  imperfections 
which  would  impair  its  strength  or  adaptability  for  pipe  construction. 
Sap  will  not  be  allowed  on  more  than  10%  of  the  inside  face  of  any 
stave,  and  in  not  more  than  10%  of  the  total  number  of  pieces.  The 
sap  shall  be  bright,  and  shall  not  occur  within  4  in.  of  the  end  of 
any  piece.  Pitch  seams  will  be  permitted  in  not  more  than  10%  of 
the  total  number  of  pieces,  if  showing  on  the  edge  only  and  if  not 
longer  than  4  in.  or  wider  than  ^^  in.  Through  knots  or  knots 
at  the  edge  or  within  6  in.  of  the  ends  of  the  staves  will  not  be  allowed. 
Sound  knots  not  exceeding  i  in.  in  diameter,  not  falling  within  the 
foregoing  limitations,  nor  exceeding  three  within  a  10-ft.  length,  will 
be  accepted.  Before  milling,  all  lumber  shall  be  seasoned  by  air-drying 
for  not  less  than  60  days,  in  open  piles,  or  by  thorough  kiln-drying. 
The  sides  of  staves  shall  be  milled  to  conform  to  the  inside  and  outside 
radii  of  the  pipe;  the  edges  shall  be  beveled  to  true  radial  planes, 
and  shall  be  provided  with  a  small  tongue  and  groove.  After  the 
staves  are  built  up  in  sections,  the  ends  shall  be  cut  square,  and  a 
smooth  tenon  shall  be  turned  on  the  end  of  each  section,  to  make  a 
tight  fit  with  the  collars  or  couplings.  The  sections  shall  be  in  random 
lengths  of  from  8  to  24  ft. 

Both  pipe  and  wire-wound  collars,  when  such  are  used,  shall  be 
wound  spirally  with  a  heavily  galvanized  steel  pipe-winding  wire,  and 
spaced  with  a  factor  of  safety  of  not  less  than  four.     The  wire  shall 


468  WOOD   STAVE   PIPE   DESIGN 

also  be  spaced  for  each  diameter  so  as  to  insure  the  pipe  against 
failure  by  the  wire  sinking  into  the  wood  and  allowing  the  longitudinal 
seams  to  open. 

The  ends  of  the  wire  shall  be  fastened  securely  with  pressed-steel 
clips.  The  wire  shall  have  a  tensile  strength  of  from  60  000  to  65  000  lb. 
per  sq.  in.,  and  an  elastic  limit  of  not  less  than  50%  of  the  ultimate 
strength,  and  shall  be  wound  under  siifficient  tension  to  be  firmly 
seated  in  the  wood  without  crushing  the  fibers. 

Inserted  joint  connections  may  be  used  for  a  pressure  of  100  ft. 
or  less;  on  higher  pressures  wire-bound  collars  shall  be  used.  All 
pipe  shall  be  guaranteed  to  withstand  a  50%  over-load  of  the  pressure 
for  which  it  is  designed. 
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DISCTJSSIOlSr 


Hermaxx  vox   Schrenk,*  Assoc.   Am.   Soc.   C.   E.    (by  letter).—         Mr. 
This  paper  has  been  read  with  much  interest  by  the  writer,  but  he  Unds  ^°" '     ^^^  ' 
that  it  contains  certain  rather  startling  errors  relating  to  cypress,  its 
method  of  growth,  and  its  grade. 

On  page  440  the  author  states :  "A  cypress  tree  is  the  product  of 
four  or  five  small  trees  growing  together."  Furthermore,  he  explains 
that,  as  a  result  of  such  growth,  the  sapwood  does  not  occur  around 
the  circumference  of  the  tree,  but  in  streaks  throughout  the  trunk. 
This  is  so  startling  an  error  that  it  should  not  go  unchallenged.  The 
cypress  does  not  grow  as  stated  by  the  author,  but  like  all  other  trees. 
It  starts  from  a  seed,  and  develops  a  trunk  as  it  grows  older;  and  the 
sap  ring,  under  all  circumstances  and  conditions,  is  on  the  outside, 
immediately  under  the  bark,  just  as  in  practically  all  other  trees. 
Having  studied  the  growth  of  these  trees  for  about  25  years,  under 
every  conceivable  condition,  the  writer  has  yet  to  find  a  single  instance 
of  any  such  occurrence  as  is  mentioned  in  the  paper.  Individual  trees 
formed  by  the  union  of  several  sprouts  are  possible,  of  course,  but  these 
would  be  more  likely  to  occur  in  redwood  than  in  cypress,  because, 
unlike  the  redwood,  the  cypress  does  not  sprout  from  the  stump.  The 
possible  reason  for  Mr.  Partridge's  mistake  is  indicated  in  his  discus- 
sion as  to  sap  streaks  in  the  wood.  He  states:  ''It  is  common  to  see 
clear  cypress  with  yellow  sap  streaks  running  through  the  center  at 
intervals  of  about  4  in."  From  this  sentence,  it  would  appear  that  the 
author  interprets  the  lighter  streaks  of  color  in  the  heartwood  as  sap 
streaks.  The  color  of  the  cypress  heartwood  varies  from  very  pale 
yellow  to  almost  black,  and  this  may  occur  in  one  tree  or  in  different 
trees  growing  in  the  same  region.  This  variation  in  color  has  given 
rise  to  all  sorts  of  common  names,  such  as  white  cypress,  yellow  cypress, 
black  cypress,  etc.,  and  it  is  very  common  to  find  these  curious  color 
differences  or  markings  in  the  same  trunk.  These  color  variations,  how- 
ever, have  nothing  to  do  with  the  sapwood.  There  is  never  any  ques- 
tion about  identifying  the  sap  ring,  which  in  cypress  is  usually  very 
narrow,  particularly  in  the  older  trees.  The  curious  color  variations 
or  streaks  in  the  cypress  have  been  ascribed  to  the  variation  in  absorp- 
tion of  material  from  the  soil.  The  writer  has  frequently  noted  that 
in  certain  regions  one  type  of  color  variation  will  appear  and  in  other 
regions  another  type.  The  writer  would  be  much  interested  to  have  a 
case  pointed  out  where  a  trunk  actually  is  composed  of  more  than  one 
original  seedling,  because  this  certainly  would  be  a  scientific  curiosity. 
If  Mr.  Partridge's  statements  were  true,  what  would  become  of  the  bark 
on  the  inside,  if  several  trees  fused? 

*  St.  Louis,  Mo. 
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Mr.  Attention  is  also  called  to  a  slight  error  in  Mr.  Partridge's  descrip- 

tion of  grades.  Although  it  is  true  that,  in  the  listing  of  the  grades 
by  the  Southern  Cypress  Manufacturers'  Association,  the  grade 
"Tank"  appears  first  in  the  book  of  si)ecifications,  as  a  matter  of  fact 
Grade  "A"  is  really  higher  than  "Tank."  In  cypress  there  is  no  such 
grade  known  as  "Clear."  The  manufacturers  of  cypress  regard  the 
Grade  "A",  in  the  heavier  thicknesses,  as  being  better  than  the  "Tank" 
grade  in  the  same  thickness,  for  the  reason  that  knots  are  eliminated 
on  the  face  side  of  "A",  whereas  any  number  of  water-tight  knots  are 
admitted  in  the  grade  of  "Tank.'' 

Mr.  Partridge  is  probably  correct  in  his  surmise  that  4-in.  "Tank" 
stock  is  better  material  than  4-in.  Grade  "A"  for  pipe  staves,  for  two 
reasons :  First,  an  occasional  piece  of  Grade  "A"  would  have  a  very 
slight  quantity  of  sap  on  the  reverse  side,  whereas  "Tank"  would  be 
strictly  free  from  sap,  although  it  would  contain  knots.  Second,  the 
"Tank"  stock,  in  the  heavier  thicknesses,  can  be  purchased  at  a  lower 
price  than  the  Grade  "A"  of  the  same  thicknesses.  As  indicated  by 
Mr.  Partridge,  the  mere  presence  of  knots  does  not  influence  in  any 
way  the  value  of  "Tank''  stock  for  stave  purposes. 

Attention  is  also  called  to  a  slight  variation  in  the  author's  nomen- 
clature from  that  generally  accepted  as  standard  by  such  organizations 
as  the  American  Society  for  Testing  Materials,  the  American  Railway 
Engineering  Association,  and  the  Forest  Service  and  other  Govern- 
ment bureaus.  The  terms  usually  applied  as  standard  for  the  two 
grades  of  wood  formed  by  a  tree  during  the  year  are  "springwood",  for 
the  soft  wood  formed  early  in  the  year,  and  "summerwood",  for  the 
hard  wood  formed  later  in  the  year.  Many  readers  will  doubtless  con- 
fuse Mr.  Partridge's  names  of  "summerwood"  and  "winterwood"  for 
the  more  usual  terms  of  "springwood"  and  "summerwood." 

The  writer  would  like  to  ask  the  author  for  a  further  explanation 
as  to  why  penetration  is  insisted  on  for  a  stave.  The  writer  may  not 
understand  the  meaning  of  the  word  "penetration'',  but  assumes  that 
it  means  the  thorough  absorption  by  the  stave  of  water  or  whatever 
liquid  is  passed  through  the  pipe.  If  any  figures  are  available,  as  the 
result  of  tests,  it  would  be  of  interest  to  know  on  what  basis  the  state- 
ment is  made  that  a  dense  piece  of  pine,  for  instance,  will  not  make  as 
good  a  pipe  as  a  piece  of  redwood,  or  other  material,  of  similar  density. 

Mr.         Frank  F.  Bell,*  Esq.    (by  letter). — The  following  general  ideas 
^^"'  along  the  lines  of  this  paper  are  based  on  the  writer's  experience  in 
wood  stave  pipe  design  and  construction. 

The  writer  finds  it  to  be  generally  true,  as  Mr.  Partridge  has  out- 
lined, that  there  is  little  authentic  knowledge  among  engineers  relative 
to  either  continuous-stave  or  machine-banded  pipe,  as  it  is  considered 

*  President,  Simplex  Vacuum  Mfg.  Co.,  Philadelphia,  Pa. 
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somewhat  of  a  specialty,  although  coming  more  and  more  into  use  in  Mr. 
,  .  .  ,•  Bell, 

modern  engineering  practice. 

Ideas  regarding  such  pipe  are  at  variance  in  different  parts  of  the 
country.  In  general,  the  specifications  and  design  are  under  the  in- 
fluence of  the  locality  in  which  the  engineer  intends  to  build.  In  the 
Northwest,  we  find  strong  adherents  to  pipe  made  from  Oregon  pine 
and  Douglas  fir;  in  the  Southwest,  redwood;  and  in  the  East,  Canadian 
pine  and  yellow  pine.  This  is  due  mostly  to  the  sales  talk  of  the  repre- 
sentatives of  the  various  manufacturers  of  pipe,  and  the  engineer  has 
to  be  guided  more  or  less  by  what  he  hears  rather  than  by  actual  experi- 
ence or  standards.  Wood  stave  pipe  has  passed  the  stage  where  it  can 
be  considered  as  a  specialty ;  and  it  is  certainly  time  that  general  prac- 
tice and  standard  specifications  should  be  worked  out. 

The  author's  presentation  of  the  subject  is  complete,  but,  of  course, 
with  reference  to  the  specifications,  there  may  be  more  or  less  disagree- 
ment. As  a  start,  however,  the  writer  believes  the  paper  will  furnish 
a  reasonable  basis  for  the  best  practice. 

It  is  generally  admitted  that,  for  purposes  of  durability,  redwood  is 
logically  the  best.  The  writer  does  not  believe  there  will  be  any  dis- 
cussion on  this  point.  He  has  heard  engineers  criticize  this  lumber  on 
account  of  its  softness,  but,  for  wood  pipe,  such  criticism  is  hardly 
worth  considering,  as  the  strength  depends  on  the  band  spacing,  and 
when  the  pipe  is  made  up,  there  seems  to  be  no  material  difference  in 
rigidity  when  redwood  and  harder  woods  are  compared. 

The  author  does  not  mention  yellow  pine  as  a  good  lumber  for  wood 
stave  pipe,  but  this  is  hardly  worthy  of  important  notice,  as  such  wood 
is  too  scarce  to  be  a  logical  material,  and  would  be  put  in  a  class  with 
cypress. 

In  the  eastern  part  of  the  United  States,  the  general  practice  is  to 
use  thick  staves  and  flat  bands  for  machine-made  pipe,  but  in  the  West 
round  steel  wire  is  used.  A  selection  between  these  two  styles  should 
be  based  on  local  requirements.  For  continuous-stave  pipes,  the  eastern 
style  is  not  in  keen  competition.  It  is  mostly  in  specifications  for  pipe 
of  large  diameter  that  standard  practice  is  needed. 

The  writer  agrees  with  Mr.  Partridge  that  redwood  need  never  be 
given  a  coat  of  preservative,  provided  clear  lumber  is  used,  according 
to  his  specifications.  On  the  other  hand,  in  pipe  constructed  of  other 
kinds  of  lumber,  a  preservative  coating  is  necessary,  if  longevity  is 
v/anted.  Redwood,  under  all  general  conditions,  will  easily  outlast 
bands  and  wire  winding,  without  any  preservative  application. 

The  writer  is  familiar  with  the  North  Yakima  development,  men- 
tioned in  the  paper,  as  well  as  the  sewer  at  Palo  Alto,  Cal.  The  North 
Yakima  pipe  underwent  about  as  rigid  a  test  for  durability  as  would 
be  found  in  any  practice,  and,  from  studying  this  particular  case,  it 
appears  that  the  drying  of  the  lumber  is  one  of  the  most  important 
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Mr.  factors.  The  process  of  kiln-drying  veisus  air-drying  is,  of  course, 
'  familiar  enough  to  all  engineers;  but  the  writer  again  agrees  with 
Mr.  Partridge  that,  if  possible,  air-dried  lumber  should  be  used,  although 
very  good  results  are  obtained  with  kiln-dried  fir. 

In  the  matter  of  machine-banded  pipe,  the  drying  is  even  a  more 
important  factor,  because  there  is  no  chance  to  "cinch  up"  in  case  of 
shrinkage,  and  the  strength  and  durability  depend  on  the  bearing  sur- 
face and  winding  tension  of  the  wire. 

The  author's  remarks  on  the  importance  of  butt  joints  should  also 
be  empliasized,  as  in  coutinuous-stave  pipe  this  is  generally  where  trouble 
starts  first,  and  it  is  also  one  of  the  drawbacks  in  having  wood  pipe 
built  by  men  who  do  not  understand  the  finer  details  of  construction. 

The  writer  knows  of  a  case  (which  happened  within  the  last  few 
months)  of  a  contractor  who  had  his  own  staves  milled  by  the  ordinary 
process,  bought  his  own  bands,  ajid  attempted  to  put  in  his  own  pipe 
according  to  his  idea  as  to  specifications  and  methods.  This  pipe,  no 
doubt,  will  be  unserviceable  in  a  very  short  time,  and,  consequently, 
engineers  who  come  in  touch  with  this  particular  case  will  be  influenced 
against  wood  pipe  in  general.  This  is  why  the  writer  believes  that  the 
author's  remarks  should  be  given  favorable  consideration.  If  standard 
specifications  and  practice  are  put  in  the  hands  of  engineers,  there  will 
be  a  much  more  favorable  attitude  in  general  toward  wood  pipe,  and  it 
will  be  given  the  place  it  deserves  as  an  engineering  utility. 

Mr.  Partridge's  classifications  are  very  fair  for  all  kinds  of  pipe. 
Naturally,  the  redwood  man  claims  that  his  pipe  is  the  best,  the  fir  man 
his,  the  pine  man  his.  The  only  way  for  the  engineer  to  decide  is  to 
make  a  comparison  of  numerous  structures.  On  the  basis  of  data 
gathered  from  a  number  of  wood  stave  pipes,  it  is  thought  that  Mr. 
Partridge  has  rounded  out  the  matter  very  well.  The  specification 
tables  in  the  paper  would  be  what  the  writer  would  use  if  he  were  de- 
signing a  pipe  line. 

The  writer  has  found  by  experience  in  many  cases  that  a  wood  stave 
pipe  has  cost  the  designing  engineer  much  more  than  it  would  if  he 
had  used  the  most  economical  specifications ;  and,  in  a  majority  of 
cases,  the  engineer  has  lost,  in  the  long  run,  by  sacrificing  price  to 
permanency,  by  failing  to  adopt  the  specifications  and  the  style  of  pipe 
needed  for  the  conditions  under  which  he  is  designing,  having  been 
talked  into  "something  just  as  good." 

If  careful  unprejudiced  consideration  is  given  to  this  paper,  engi- 
neers will  feel  that  standards  should  be  generally  recognized,  and  that 
the  proper  styles,  classifications,  and  lumbers  should  be  given  level- 
headed consideration.  As  it  is,  all  are  depending  too  much  on  the 
influence  of  representatives  who  are  talking  up  the  various  kinds  of 
pipe,  and,  naturally,  where  one  lumber  predominates,  the  designing 
engineer  will  be  influenced  in  his  specifications. 
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D.  C.  Henny,*  M.  Am.  Soc.  C.  E.  (by  letter). — From  a  report  by  Mr. 
the  writer  to  the  U.  S.  Reclamation  Service  in  July,  1915,  on  the  life 
of  wood  pipe,  the  author  has  quoted  a  tabulation  in  which  an  attempt 
was  made  to  condense  the  information  collected  from  past  experience 
and  special  investigation.  It  is  well  to  quote  also  from  the  two  para- 
graphs in  the  report  immediately  preceding  this  tabulation,  which  read 
as  follows : 

"The  investigation  has  had  in  view  especially  the  life  of  pipe  as 
affected  by  the  durability  of  the  wood.  *  *  *  The  information 
collected  is  based  mostly  on  reports  received  from  managers  or  owners, 
and  in  small  part  on  personal  observation.  It  is  not  as  complete  as 
is  desirable,  which,  however,  is  not  due  to  failure  to  elicit  further 
information. 

"Reviewing  the  information  as  grouped  under  its  headings,  it  may 
be  estimated  that  under  conditions  of  continuous  water  pressure  the 
life  of  various  kinds  of  pipe  may  be  as  follows :" 

The  last  item  of  the  tabulation  refers  to  the  estimated  life  of  wood 
in  fir  pipe,  well-coated,  buried  in  loose  soil,  and  maintained  under 
continuous  water  pressure.  Some  additional  information  has  come 
to  hand  since  the  date  of  the  report,  which,  although  not  directly 
applicable,  may  be  considered  of  some  importance. 

During  October,  1916,  the  writer  made  an  examination  of  wood 
pipe  lines — part  of  an  irrigation  system  in  the  vicinity  of  Pasco,  Wash. 
— constructed  in  the  spring  and  early  summer  of  1910.  The  pipe 
portion  of  the  system  consists  of  4-^  miles  of  continuous-stave,  uncoated, 
hr  pipe,  30  and  36  in.  in  diameter,  and  12J  miles  of  machine-banded, 
coated,  fir  pipe,  from  10  to  24  in.  in  diameter. 

Decay  in  the  uncoated  pipe  had  made  it  necessary  to  rebuild  8% 
of  the  line  during  1915  and  23%  during  1916.  Examination  in  October 
of  that  year  showed  that  serious  decay  had  then  affected  the  remaining 
69%  of  the  pipe.  It  had  attacked  principally  the  bastard  grain  wood 
and  wood  with  a  coarse  vertical  grain,  such  as  is  derived  from  the 
top  of  the  tree.  No  serious  decay  was  found  in  the  close-grained  wood 
with  vertical  grain,  and  staves  of  this  kind  had  been  used  in  the 
reconstruction. 

This  is  stated  merely  as  incidental  to  experience  with  machine- 
banded  pipe,  repairs  on  which,  up  to  the  time  of  examination,  had  been 
confined  to  the  replacement  of  wood  sleeves.  Only  a  small  percentage 
of  this  pipe  was  open  to  inspection.  This,  however,  showed  that  some 
of  the  wood  in  the  pipe  itself  had  been  attacked,  the  decay  being  con- 
fined largely  to  individual  staves  in  the  upper  half  of  the  pipe.  To  what 
extent  the  condition  of  the  small  iX)rtion  of  pipe  examined  may  be  indi- 
cative of  that  of  the  remainder  is  problematical. 

*  Portland,  Ore. 
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Mr.  It  was  noted  that,  in  several  places  where  decay  had  occurred,  there 

'^"°^'  were  in  evidence  hundreds  of  insects  resembling  ants.     Whether  these 
were  cause  or  effect  could  not  be  determined. 

All  the  pipe  is  buried  in  loose,  sandy  soil.  The  winter  climate  is 
mild,  and  the  summer  is  hot,  the  temperature  frequently  rising  above 
100  degrees.  The  coating  appeared  to  be  the  manufacturers'  standard, 
consisting  of  asphalt  and  tar. 

This  pipe  is  not  included  under  the  conditions  predicated  in  the 
tabulation  quoted,  as  during  5  months  of  the  non-irrigating  season  it 
is  not  maintained  full.  It  is  probable,  however,  that  this  fact  is  only 
in  small  part  responsible  for  the  decay  observed.  It  will  be  necessary 
to  examine  a  larger  portion  of  this  pipe,  or  await  the  results  of  experi- 
ence with  it,  before  dependable  conclusions  can  be  drawn.  Neverthe- 
less, its  early  decay  in  spots  affords  ground  for  reducing  the  life  esti- 
mate, of  well-coated  fir  pipe  under  very  unfavorable  conditions,  from 
the  figures  given  in  the  tabulation  to  10  years  or  even  less. 

The  author  has  presented  his  case  with  clearness  and  ability,  and 
the  virtues  of  redwood  in  pipe  construction  are  well  brought  out. 

Although  the  paper  mentions  the  variability  of  wood  of  the  same 
species,  it  does  not  specifically  deal  with  the  variations  to  which  red- 
wood itself  is  subject.  The  wood  in  the  lower  30  ft.  of  a  large  redwood 
tree  is  exceedingly  close-grained.  It  sinks  in  water,  and  is  remarkable 
for  its  long  life.  Fence  posts  made  of  it  have  lasted  more  than  50 
years. 

Higher  in  the  tree,  the  grain  gradually  becomes  coarser,  and  near 
the  top  it  shows  fewer  than  ten  rings  to  the  inch.  It  also  becomes 
ligiiter,  and,  although  no  specific  tests  are  known  to  the  writer,  it  is 
probable  that  the  life  of  redwood  as  well  as  fir  becomes  shorter  as  the 
grain  becomes  coarser.  In  the  past,  specifications  have  sometimes  called 
for  sinker  redwood,  but,  from  a  practical  mill  standpoint,  this  is  almost 
impossible  to  supply  in  large  quantities.  However,  in  scientifically 
drawn  specifications,  it  may  be  in  point  to  limit  the  coarseness  of  the 
grain,  the  more  so  as  the  superior  lightness  of  the  coarse-grained  wood 
offers  a  temptation  for  its  selection  (where  freight  charges  become  an 
important  item),  to  a  contractor  not  concerned  about  the  ultimate  life 
of  the  pipe. 

In  the  Northwest,  some  makers  of  wood  pipe  are  now  equipped  to 
furnish  creosoted  or  otherwise  treated  fir  staves.  The  writer  sees  no 
.reason  for  not  advancing  pipe  built  of  fir  properly  treated  from  Class 
B  to  Class  A  of  the  author's  specifications,  although  sufficient  time  has 
not  yet  elapsed  to  demonstrate  fully  either  the  complete  correctness  of 
this  or  the  most  economical  treatment  available  for  producing  the 
desired  result. 

The  proper  creosoting  of  pipe  staves  is  not  only  expensive  in  itself, 
but  also  adds  heavilv  to  the  freight  charges  and,  to  some  extent,  to  the 
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cost  of  pipe  erection.    In  some  sections  of  the  country  such  pipe  appears      Mr. 
to  have  competed  successfully  with  untreated  redwood.  enny. 

It  is  also  as  yet  an  open  question  as  to  what  is  the  life  of  exposed 
fir  pipe,  and  to  what  extent  its  life  is  extended  by  surface  coating. 
The  only  case  of  decay  of  such  pipe,  which  has  come  to  the  writer's 
attention  is  that  of  a  pipe  built  on  saddles  in  Utah  (listed  as  No.  16  in 
the  writer's  report),  and  this  was  after  12  years  of  service.  This  pipe 
was  not  coated,  and  other  uncoated  pipes  of  this  kind  showed  no  decay 
after  14  years;  and  the  writer  has  found,  in  the  New  England  States, 
sound  stave  pipe,  built  probably  of  native  pine,  and  resting  on  piers, 
in  regard  to  which  the  time  of  construction  reached  back  beyond  the 
memory  of  any  one  who  could  furnish  information. 

On  the  other  hand,  the  author  has  noted  decay  in  exposed  redwood 
pipe  in  Southern  California,  maintained  full  only  during  the  irrigation 
season,  and  less  than  15  years  old. 

The  author's  statement  regarding  the  superiority  of  air-drying  over 
kiln-drying  is  undoubtedly  true,  so  far  as  past  commercial  methods 
are  concerned.  It  is  understood,  however,  that  the  subject  of  kiln- 
drying  has  been  under  scientific  investigation  for  several  years,  and  it 
is  not  improbable  that  commercially  feasible  methods  will  be  perfected 
which  will  be  free  from  the  objections  of  wood  injury  to  which  reference 
was  made. 

So  far  as  continuous-stave  pipe  is  concerned,  there  is  no  serious 
disadvantage  in  the  use  of  lumber  not  fully  dry,  and  a  rigid  adherence 
to  the  requirement  of  one  year's  air  seasoning  may  tend  to  place  a 
serious  limit  on  reasonable  competition,  or  even  make  it  impossible  to 
obtain  the  material  within  the  time  required. 

The  author  believes  that  the  use  of  inserted  or  slip-joint  pipe  is  not 
to  be  recommended.  The  only  pipe  of  this  kind  examined  by  the  writer 
was  made  of  fir  and,  so  far  as  the  joints  are  concerned,  was  entirely 
successful.  Pipe  of  this  kind  on  the  Sunnyside  Project  of  the  Reclama- 
tion Service  successfully  withstands  a  pressure  of  150  ft.  No  injury 
was  noted  in  handling  or  laying,  contrary  to  the  author's  fears,  which, 
however,  may  apply  more  specially  to  the  weaker  and  softer  redwood. 

It  is  noted  that,  in  the  classification  suggested  by  the  author.  Class 
A  pipe  is  to  have  a  life  of  25  years  or  more  under  all  conditions.  On 
further  thought  he  will  undoubtedly  desire  to  place  some  limitation  on 
these  conditions,  as  he  must  be  aware  of  several  instances  of  buried 
and  exposed  redwood  pipe  which,  owing  to  the  fact  that  it  is  not  co;n- 
pletely  water-filled  at  all  times,  in  combination  possibly  with  the  use  of 
coarse-grained  wood,  has  shown  a  comparatively  short  life. 

Some  30  years  ago,  when  continuous-stave  pipe  was  first  introduced 
into  the  Western  States  by  the  late  Charles  P.  Allen,  of  Denver,  Colo., 
it  was  looked  on  by  most  engineers  as  of  doubtful  utility.  It  has  gradu- 
ally established  itself  as  a  legitimate  type  which  can  be  adapted  to 


•JTC  DISCUSSIOX   ox    WOOD   STAVE    riPE   DKSIGX 

Mr.      relatively  permanent  or  temporary  uses,  as  requirements  or  financial 

^°°'''  advantage  may  dictate. 

Experience  as  to  its  life  and  usefulness  is  fast  accumulating,  and 
renders  it  possible  to  proceed  with  a  steadily  growing  sense  of  security 
as  to  results,  to  which  the  able  exposition  of  fundamental  principles  by 
the  author  is  a  valuable  addition. 

Mr.  Henry  P.  Eust,*  M.  Am.  Soc.  C.  E. — This  is  a  most  opportune 
time  to  advocate  the  use  of  wood  in  place  of  steel  for  all  construction 
purposes,  wherever  possible,  with  due  consideration  for  safety ;  and, 
from  the  title  of  this  paper,  the  speaker  was  most  hopeful  that  it 
would  fill  a  much  needed  want.  However,  on  closer  examination,  the 
paper  is  most  disappointing,  as  it  is  evidently  an  attempt  to  advocate 
the  use  of  redwood  in  place  of  Douglas  fir  for  wood  pipes,  and  it 
does  not  offer  proper  proofs  for  such  statements  as  "Douglas  fir  and 
pine  are  fundamentally  inferior  to  redwood." 

Although,  in  the  early  days  of  the  use  of  such  pipe  in  the  West, 
redwood  was  practically  the  only  material  considered,  recently,  Douglas 
fir  has  been  more  generally  used.  On  this  account  the  highly  desirable 
object  of  such  a  paper  will  be  defeated,  and  engineers  having  inde- 
pendent experience  and  realizing  the  circumstances  will  hardly  treat 
it  seriously.  It  will  be  unfortunate  if  the  discussion  turns  merely  into 
a  contention  between  the  makers  of  redwood  and  Douglas  fir  pipe,  as 
is  likely,  because  the  choice  of  material  is  not  the  most  important 
feature,  and,  under  proper  conditions  for  any  wood  pipe,  either  of 
these  woods  should  be  satisfactory. 

There  is  no  doubt  that  redwood  will  resist  decay  much  better  than 
Douglas  fir  or  long-leaf  pine,  when  used  in  any  location  where  it  will 
not  be  saturated  with  water;  but  it  has  always  been  considered  a 
condition  necessary  to  the  successful  use  of  wood  pipe  that  the  wood 
be  kept  saturated  and  the  pipe  full  of  water  practically  all  the  time. 
This  is  really  not  a  difficult  condition  to  meet,  and  will  not  cause 
the  rejection  of  wood  pipe  in  many  cases  where  it  might  otherwise  be 
used.  If  the  pressure  is  too  low  or  the  pipe  cannot  be  kept  filled,  a 
different  construction  can  probably  be  used,  which  will  give  better 
satisfaction,  with  a  comparatively  lower  first  cost.  The  contention, 
however,  that  even  redwood  pipe  should  be  used  where  the  staves  are 
not  to  be  kept  saturated  practically  all  the  time  can  hardly  be  sus- 
tained, and  although  it  may  have  proved  satisfactory  in  some  such 
cases  as  the  author  notes,  there  are  many  other  cases  where  it  has 
decayed  from  this  cause,  although  they  have  not  been  mentioned  in 
the  paper. 

There  are  other  causes  of  failure  besides  decay,  and  there  are 
objections  to  the  use  of  redwood.     The  wood  is  softer  and  much  more 

*  New  York  City. 
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brittle  than  pine  or  fir.  It  cannot  stand  as  great  compression,  and,  Mr. 
in  consequence,  such  pipe  is  more  subject  to  leakage,  to  overcome  "^'* 
which  a  comparatively  larger  number  of  bands  should  be  used. 

The  Great  Northern  Power  Company  has  four  redwood  pipes,  each 
about  3  000  ft.  long.  The  first  three  were  constructed  about  10  years 
ago,  and  evidently  an  insufficient  number  of  bands  were  used  for  this 
material.  The  pipes  leak  quite  badly  in  places,  and  the  bands  have 
to  be  tightened  frequently.  This  is  a  more  serious  matter  than  would 
at  first  appear,  as  the  pipes  are  covered,  and  it  is  expensive  to  excavate 
the  back-filling  in  order  to  tighten  the  bands.  In  fact,  it  is  now 
found  that  merely  tightening  the  bands  will  not  remedy  the  trouble, 
as  they  sink  into  the  soft  wood  so  that  the  leakage  soon  becomes  as 
bad  as  ever.  The  fourth  pipe,  which  was  built  about  3  years  ago,  had 
a  much  larger  number  of  bands,  and  thus  far  it  has  been  satisfactory. 

It  is  reported  that  the  failure  of  the  redwood  pipe  used  by  the 
City  of  Provo  was  caused  by  the  bands  under  pressure  sinking  into 
the  wood  to  such  an  extent  as  to  cause  very  serious  leakage.  Recently, 
a  number  of  engineers  have  used  Douglas  fir  on  rather  large  and 
important  pipe  lines,  not  only  because  they  considered  that  where  the 
wood  was  kept  saturated,  Douglas  fir  would  last  as  long  as  redwood, 
but  also  because  it  is  stronger,  will  stand  more  distortion  without 
leakage,  and  is  much  cheaper. 

The  Guanajuato  Power  Company  has  also  had  some  trouble  with 
one  of  its  redwood  pipes  on  account  of  the  silt  in  the  water  scoring 
the  bottom  of  the  pipe.  There  has  been  considerable  wear  along  the 
bottom  staves,  particularly  at  some  of  the  butt  joints,  where  a  small 
pocket  has  been  eaten  into  the  staves,  about  one-third  of  the  way 
through.     This  pipe  has  been  in  use  for  about  10  years. 

One  of  the  largest  users  of  wood  pipe  is  the  Denver  Union  Water 
Comi^any,  which  has  about  100  miles,  ranging  from  24  to  60  in.  in 
diameter.  The  Company's  first  large  pipe,  laid  in  1890,  is  of  long- 
leaf  pine,  and  is  still  giving  good  service.  The  next  pipe,  laid  a 
couple  of  years  later,  is  partly  of  pine  and  partly  of  redwood.  Since 
that  time,  Douglas  fir  has  been  used  in  all  the  wood  pipe  built  by 
the  Company,  and  it  has  evidently  been  found  very  satisfactory. 

Tliere  are  also  various  examples  of  pine  pipe  in  the  East,  which 
have  proved  satisfactory,  one  of  which  might  be  mentioned.  The 
D.  E.  Converse  Company,  at  Glendale,  S.  C,  has  a  78-in.  pipe  made 
of  short-leaf  pine,  which  has  been  in  use  for  26  years.  There  is  back- 
filling around  the  lower  half  of  the  pipe,  and  the  pressure  is  compara- 
tively light,  only  a  few  feet  head.  Although  some  decay  has  taken 
place  on  the  outside  of  the  staves,  the  pipe  is  still  in  use  and  still 
satisfactory. 

The  author  speaks  of  fir  and  pine  being  coarse-grained,  but  such 
wood  is  hardly  suitable  for  pipe,  and  is  not  used  where  the  specifications 
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Mr.    are  properly  drawn  and  the  material  properly  inspected.    In  fact,  there 

■  "^  ■  is  now  a  specification  covering  the  density  of  fir,  which  it  is  to  be  hoped 

will  be  generally  adopted.    Fir  and  pine  staves  have  not  been  made  any 

thicker  than  those  of  redwood,  and  have  been  quite  satisfactory  under 

high  pressure. 

A  large  quantity  of  kiln-dried  fir  has  been  used  for  pipe,  and  has 
proved  satisfactory.  No  doubt  kiln  drying  does  make  redwood  very 
brittle;  it  should  be  air-dried.  This,  however,  is  a  disadvantage  of 
redwood  rather  than  of  fir. 

The  speaker  has  no  desire  to  advocate  the  use  of  fir  in  preference 
to  redwood,  as  he  considers  the  latter  equally  satisfactory  under  proper 
conditions.  However,  it  w'ould  be  a  mistake  to  create  an  unfair 
prejudice  in  favor  of  one  as  against  the  other. 

There  has  been  considerable  discussion  lately  as  to  whether  wood 
pipe  should  be  buried  or  left  exposed,  and  as  to  whether  the  outside 
should  or  should  not  be  painted.  There  is  no  doubt  that  a  pipe 
should  be  buried  completely  at  least  2  ft.  below  the  surface,  or  left 
entirely  exposed.  However,  in  the  latter  case,  the  necessary  supports 
are  a  matter  for  serious  consideration,  especially  for  pipes  of  large 
diameter  on  soft  ground. 

In  a  dry  climate,  where  a  pipe  is  buried  in  a  dry,  sandy,  or  pervious 
soil,  the  ground  will  absorb  the  moisture  from  the  outer  shell  of  the 
wood,  so  that  it  cannot  be  kept  saturated,  and  this  causes  a  condition 
favorable  to  decay.  Painting  the  outside  of  any  pipe  under  such 
conditions  would  be  most  advisable,  but  if  the  pipe  is  laid  in  wet  soil, 
where  the  groimd  itself  is  always  saturated,  it  does  not  seem  logical 
to  paint  the  wood.  Also,  it  is  advisable  to  keep  the  pipe  away  from 
all  vegetable  matter  and  growing  plants,  the  roots  of  which  will  absorb 
moisture  from  any  wood  and  cause  it  to  decay. 

Creosoting  may  be  advisable  to  meet  some  of  these  special  con- 
ditions. It  is  now  being  used  to  some  extent,  and  creosoted  fir  under 
ordinary  conditions  costs  only  a  little  more  than  redwood. 

As  to  the  statement  that  "a  coating,  to  be  effective,  should  be 
applied  diligently  and  often",  it  has  generally  been  considered  neces- 
sary to  coat  a  pipe  only  where  it  is  buried,  in  which  case,  of  course, 
it  is  impossible  to  paint  it  often. 

Regarding  the  standard  specifications  for  bands  submitted  by  the 
author,  as  stated,  it  is  quite  common  practice  to  use  a  factor  of  safety 
of  4  against  breaking  due  to  tension  caused  by  the  hydrostatic  pres- 
.  sure.  However,  this  does  not  allow^  anything  for  the  additional  tension 
required  to  keep  the  staves  tight  and  prevent  leakage;  and  a  factor 
of  safety  of  5  should  be  used,  or  some  additional  allowance  should 
be  made  for  the  extra  tension  required  for  tightness. 

A  working  stress  of  800  lb.  per  sq.  in.  for  the  bearing  strength 
of  the  wood  is  excessive.     It  has  been  found  that  one  of  the  causes 
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of  decay  is  the  bruising  of  the  wood  through  excessive  pressure  on  Mr. 
the  bands.  A  working  stress  of  400  lb.  per  sq.  in.  would  probably 
be  more  satisfactory,  and  would  not  require  the  addition  of  any 
large  number  of  bands,  except  in  the  cases  of  pipes  of  small  diameter. 
It  hardly  seems  reasonable  to  use  a  larger  working  stress  in  this  case 
than  that  usually  considered  good  practice  for  other  structures.  The 
experience  of  the  Great  Northern  Power  Company,  already  mentioned, 
bears  out  this  contention. 

Regarding  the  thickness  of  the  staves  in  Table  2,  there  is  a  jump 
from  2^  to  3J  in.  at  a  diameter  of  6  ft.  The  Douglas  fir  manufac- 
turers have  an  intermediate  standard  thickness  of  3  in.,  which  can 
be  used  for  pipes  from  6  ft.  up  to  9  or  10  ft.  in  diameter.  This  has 
been  quite  satisfactory,  and  makes  considerable  saving  in  the  quantity 
of  wood  required  for  pipes  between  these  sizes.  There  seems  to  be 
no  reason  for  not  using  an  intermediate  standard  thickness  of  3  in. 
with  redwood. 

Regarding  the  author's  proposed  specifications  dividing  wood  pipe 
into  three  classes.  A,  B,  and  C,  according  to  the  wood  used,  apparently 
the  only  reason  for  this  is  to  have  an  opportunity  of  putting  redwood 
in  a  supposedly  much  superior  class  by  itself,  which,  of  course,  would 
give  the  manufacturer  of  redwood  pipe  a  good  excuse  for  asking 
higher  prices  for  his  product. 

It  would  be  much  more  logical  to  vary  the  thickness  of  the  staves, 
the  band  spacing,  and  other  details  which  have  more  effect  on  the 
cost  of  a  pipe,  and  to  have  three  tables  such  as  Table  2,  one  for  each 
of  the  different  classes.  Otherwise,  the  specifications  are  those  gen- 
erally proposed  by  the  manufacturers  of  redwood  pipe. 

As  stated  by  the  author,  there  is  no  reason  for  not  making  the 
specifications  for  fir  as  strict  as  those  for  redwood.  However,  this  is 
the  fault  of  the  lumber  mills.  The  proprietors  of  Douglas  fir  mills 
have  not  shown  themselves  to  be  very  broad-minded  in  many  ways, 
and  have  done  nothing  to  encourage  the  use  of  wood  pipe. 

It  would  be  of  considerable  advantage  if  the  wood  stave  pipe 
manufacturers  had  an  association,  organized  on  the  same  lines  as 
the  Portland  Cement  Manufacturers'  Association,  which  would  be  in 
a  position  to  give  disinterested  and  authoritative  data  regarding  wood 
pipe  on  which  engineers  could  depend;  and  it  would  result,  no 
doubt,  in  the  use  of  a  much  larger  quantity.  It  would  also  be  of  con- 
siderable help  to  engineers  if  manufacturers  would  keep  a  stock  of 
pipe  or  pipe  material  on  hand  at  some  point  in  the  East,  so  that  in 
case  of  emergency  it  would  not  be  necessary  to  wait  a  month  or  two 
in  order  to  obtain  material  from  the  West. 

Wood  stave  pipe  has  been  in  general  use  in  comparatively  important 
works  for  about  30  years.  This  should  be  a  sufficient  length  of  time 
for  engineers  to  judge  of  its  permanence,  the  precautions  to  be  taken 
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Mr.  with  it  under  different  conditions,  and  to  determine  what  constitutes 
■  a  safe  design.  However,  as  the  author  states,  many  engineers  in  the 
East  still  regard  such  pipe  with  suspicion,  owing  chiefly  to  reported 
failures  which,  when  investigated,  show  either  that  wood  pipe  should 
never  have  been  used,  or  that  proper  precautions  had  not  been  taken 
to  meet  the  special  conditions.  There  has  been  ample  experience 
with  such  pipe,  and  much  information  has  been  published  regarding 
it.  It  is  now  possible  to  find  out  what  constitutes  good  practice,  and, 
of  late,  there  have  not  been  as  many  failures  re])orted  as  in  the  early 
years  of  its  use.  At  the  present  prices,  wood  stave  pipe  costs  only 
about  one-third  or  one-fifth  as  much  as  steel  pipe,  under  conditions 
where  either  could  be  used. 

Mr.  F.  M.  RoBBiNS,*  EsQ. — It  has  been  suggested  that  there  is  a  lack 

'  of  co-operation  among  the  wood  stave  pipe  manufacturers.  This  is  true; 
and  it  has  held  back  the  development  to  which  good  wood  pipe  is 
entitled.  A  closer  association  would  result  in  the  elimination  of  the 
poorer  pipe  which  causes  most  of  the  unpleasant  notoriety.  It  is  not 
a  question  of  redwood  or  fir,  but  of  proper  design  and  construction, 
as  investigation  shows  that  most  failures  in  wood  pipe  are  due  to 
design  by  inexperienced  engineers,  or  construction  by  outside  contrac- 
tors. A  standard  specification  for  wood  stave  pipe  is  urgently  needed 
to  guide  the  engineer  and  eliminate  the  contractor  who  builds  on  a 
price  basis  only  in  keen  competition  with  the  established  pipe  builders. 

As  stated  in  the  paper,  there  is  "provision  for  rigid  supervision 
of  the  bands,  though  adequate  stress  is  not  laid  on  the  requirements 
for  the  shoes,  which,  after  all,  must  be  capable  of  developing  the 
full  strength  of  the  band." 

The  cases  cited  are  only  a  few  of  those  in  which  shoes  were  used 
which  developed  only  partly  the  strength  of  the  bands.  The  cost  of 
the  shoe  is  insignificant  as  compared  with  that  of  the  band,  and  yet 
its  weight,  on  lines  where  price  competition  is  keen,  is  frequently 
reduced  to  a  point  where  the  value  of  the  steel  wasted  amounts  to 
several  times  that  of  the  shoes,  and  the  pipe  banding  is  less  than  half 
as  efficient. 

Eurthermore,  tons  of  excess  weight  have  been  buried  where  the 
shoes  were  heavier  than  needed,  or  where  the  metal  in  them  was  not 
properly  distributed. 

Standard  lines  of  properly  designed  and  thoroughly  tested  shoes 
have  been  developed,  and  these  can  be  used  with  safety  where  the 
specifications  are  rigid  enough  to  admit  no  variation  or  substitution 
by  the  contractor. 

The  specification  for  pipe  shoes  advanced  by  Mr.  Partridge  is  much 
better  than  those  heretofore  offered,  but  it  is  not  yet  as  rigid  as  it 

*  Secv.,  The  Marion  Malleable  Iron  Works,  Marion,  Ind. 
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should  be.     The  advance  in   malleable  iron  has  made  it  possible  to       Mr. 
secure    an    even    better    quality,    and    the    specification    should    read: 
"Shall  have  a  minimum  tensile  strength  of  45  000  lb.  per  sq.  in.,  and 
a  minimum  elongation  of  7^%  measured  in  2  in." 

The  strength  of  the  shoe  should  be  stated  definitely  as  the  elastic 
limit,  there  having  been  cases  where  this  was  evaded  by  using  the 
ultimate  strength  of  the  shoe  as  compared  to  the  elastic  limit  of 
the  band. 

The  coating  of  malleable  iron  is  a  question  that  will  bear  further 
investigation,  as,  generally  speaking,  malleable  iron  does  not  corrode, 
to  an  appreciable  extent,  after  the  first  or  surface  oxidation.  The 
coatings  now  applied  are  unnecessary  in  ordinary  circumstances;  and, 
under  abnormal  conditions,  galvanizing  or  coating  with  red  lead  should 
be  recommended. 

William  J.  Boucher,*  Assoc.  M.  Am.  Soc.  C.  E. — The  use  of  wood  Mr. 
stave  pipe  is  somewhat  limited  in  the  East,  but  a  pipe  of  this  material 
has  been  completed  recently  for  the  water  supply  of  Watervliet, 
N.  Y.,  under  the  direction  of  G.  E.  Solomon  and  P.  H.  Norcross, 
Members,  Am.  Soc.  C.  E.  In  New  York  City,  however,  there  is  a 
type  of  stave  pipe  which  is  hidden  from  the  public  view  so  completely 
that  comparatively  few  are  aware  of  its  existence.  Reference  is 
made  to  the  sewer  outlet  barrel  pipes  built  under  the  piers  on  the 
North  and  East  River  fronts.  As  a  sewer  outlet  at  the  bulkhead  wall 
would  be  very  objectionable,  all  sewers  are  extended  to  the  pier  head 
line  by  constructing  the  wood  barrel  for  the  full  length  of  the  pier 
at  the  foot  of  the  street  in  which  the  sewer  is  built.  These  wooden 
pipes  have  been  the  subject  of  special  study  by  the  Bureau  of  Sewers 
of  New  York  City  for  some  time,  and  are  now  standardized. 

Of  course,  such  pipes  need  not  be  designed  for  the  high  pressures 
encountered  in  water  supply  systems,  as  the  sewers  seldom  flow  full. 
They  are  built  of  creosoted  lumber  in  order  to  protect  them  from 
the  effects  of  alternate  wetting  and  drying,  due  to  the  rise  and  fall 
of  the  tides.  The  invert  is  frequently  at  or  near  mean  low  water  (in 
order  to  obtain  as  much  fall  as  possible),  and  this  causes  the  upper 
portions  of  the  barrel  to  be  submerged  only  for  the  short  period  of 
high  tide.     Eig.  1  shows  the  design  for  one  of  the  most  recent  sewers. 

The  following  are  the  standard  specifications  of  the  New  York 
City  Bureau  of  Sewers: 

Specifications  for  Wooden  Barrel  Sewer. 

"Wooden  barrel  sewers  shall  be  built  of  creosoted  wooden  staves 
held  in  place  by  galvanized  metal  bands,  and  supported  by  timber 
framework. 

"All  the  timber  used  in  the  construction  of  the  barrel  staves  shall 
be  sound  commercial  short-leaf  yellow  pine,  free  from  the  following 

»  New  York  City. 
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defects :  large,  loose,  unsound  or  hollow  knots,  through  shakes  or  round 
shakes,  worm  holes  and  knot  holes.  All  pieces  shall  show,  either, 
one  heart  face  or  two-thirds  heart  on  both  sides. 

"Timber  required  for  the  permanent  support  of  the  sewer  shall  be 
long-leaf  yellow  pine  of  the  quality  known  as  'Merchantable,'  graded 
in  accordance  with  the  rules  known  as  the  'Inter-state  Rules  of  1905, 
Adopted  by  the  New  York  Lumber.  Trade  Association.' 

"The  barrel  staves  shall  be  accurately  milled  on  all  sides  to  exact 
shape,  so  that  they  will  form  a  sewer  with  tight  joints  true  to  the 
required  dimensions. 

"The  Contractor  shall  make  such  tests  of  the  materials  and  samples 
as  required,  and  afford  every  facility  requested  for  measuring  tanks, 
cylinders,  gauges,  etc.,  and  for  taking  and  analyzing  samples  as  often 
as  may  be  deemed  necessary,  including  the  use  of  a  properly  equipped 
laboratory  and  other  necessary  apparatus.  The  manufacturer  shall 
equip  his  plant  with  all  necessary  gauges,  appliances,  and  facilities 
to  demonstrate  that  the  requirements  of  the  specifications  are  being 
fulfilled. 


T' 


SECTIOfJ  OF  STAVE 
FOR  5-FT.  BARREL  SEWER 


Fig.  1. 


"Upon  notice  from  the  Contractor  that  it  is  ready  for  inspection, 
all  timber  and  staves  (after  the  staves  have  been  milled)  shall  be 
examined  at  the  one  time  prior  to  creosoting.  Rejected  timber  shall 
be  separated  from  that  approved,  and  the  approved  timber  only  shall 
be  creosoted.  The  Contractor  shall  give  ample  notice  to  the  Engineer 
so  that  he  may  arrange  for  inspecting  the  creosoting  at  the  place  of 
manufacture. 

"The  creosoting  of  the  timber  shall  consist  of  two  operations: 

"a. — The  preliminary  application  of  steam  and  vacuum. 

"i>. — The  injection  of  a  minimum  average  of  18  lb.  of  oil  into  each 
cubic  foot  of  timber.  In  addition  to  this  minimum  average, 
additional  oil  shall  be  injected  into  the  timber,  depending 
upon  the  physical  condition  of  the  timber,  sufficient  to  render 
it  possible  to  meet  the  5%  absorption  test  specified  herein. 

"The  preservative  to  be  used  shall  be  a  distillate  of  coal  gas  or  coke- 
oven  tar,  and  shall  be  free  from  all  adulteration  and  contain  no  raw 


DISCUSSION   ON   WOOD   STAVE   PIPE   DESIGN  483 

tar,   filtered   or   unfiltered   tars,    or   pitches,   petroleum    compound,    or       Mr. 
other  tar  products.  Boucher. 

"It  shall  be  completely  liquid  at  38°  cent,  and  shall  have  a  specific 
gravity  at  that  temperature  of  not  less  than  1.03  nor  more  than  1.08. 

"It  shall  contain  not  more  than  2%  of  matter  insoluble  by  hot 
extraction  with  benzol  and  chloroform. 

"On  distillation,  which  shall  be  made  according  to  the  Borough 
President's  standard  method  of  tests,  the  description  of  which  is  on 
file  in  the  office  of  the  Engineer,  the  distillate,  based  on  water  free 
from  oil,  shall  be  within  the  following  limits: 

"At  210°  cent.,  not  more  than  5  per  cent. 
At  235°  cent.,  not  more  than  38  per  cent. 
At  315°   cent.,  not  more  than  85  per  cent. 

"The  distillate  between  210°  cent,  and  235°  cent.,  shall  yield  solids 
on  cooling  to  15°  cent.  The  preservative  shall  contain  not  more  than 
3%  of  water. 

"Samples  of  the  preservative  taken  from  the  treating  tank  during 
treatment  shall  at  no  time  show  an  accumulation  of  more  than  2% 
of  saw-dust,  dirt,  or  other  foreign  matter.  Due  allowance  shall  be  made 
for  such  accumulation  of  foreign  matter  by  injecting  an  additional 
quantity  into  the  blocks. 

"Before  being  treated,  the  timber  shall  be  air-dried  to  such  an 
extent  that  its  weight  per  cubic  foot  does  not  exceed  50  lb. 

'Tiive  steam  shall  be  admitted  into  the  cylinder,  and  applied  to 
the  timber,  and  gradually  raised  during  a  period  of  1  hour,  to  a  boiler 
gauge  pressure  of  15  lb.  at  185°  Fahr.,  and  maintained  for  a  period 
of  2  hours  for  the  timbers  weighing  40  lb.  per  cu.  ft.;  or  it  shall  be 
gradually  raised  during  a  period  of  2  hours  to  a  boiler  gauge  pressure 
of  25  lb.  at  220°  Fahr.,  and  maintained  for  5  hours  for  the  timbers 
weighing  50  lb.  per  cu.  ft.;  then  a  vacuum  of  about  23  in.  shall  be 
applied  for  IJ'  hours  for  the  timbers  weighing  40  lb.  per  cu.  ft.,  and 
for  2^  hours  for  the  timbers  weighing  50  lb.  per  cu.  ft.,  with  the 
temperature  of  the  cylinder  maintained  at  150°  Fahr.  For  interme- 
diate weights  of  timber  the  above  treatment  shall  be  varied  as  directed. 
Timbers  whose  average  weight  per  cubic  foot  varies  by  more  than 
5  lb.  shall  not  be  treated  in  the  same  charge. 

"Oil  at  not  less  than  180°,  nor  more  than  190°,  shall  then  be 
admitted  into  the  cylinder,  and  the  pressure  gradually  raised  during 
a  period  of  3  hours  to  165  lb.,  or  until  an  average  minimum  of  at 
least  18  lb.  of  oil  per  cu.  ft.  has  been  forced  into  the  timber,  and, 
if  necessary,  an  amount  in  addition  thereto  sufficient  to  render  it 
possible  to  meet  the  5%  absorption  test  specified  herein.  During  this 
period  the  temperature  of  the  oil  shall  not  be  allowed  to  fall  below 
165°  Fahr.    The  free  oil  shall  then  be  expelled  from  the  cylinder. 

"After  treatment,  the  timber  shall  be  held  in  the  cylinder  for 
about  1  hour,  and  shall  then  be  withdrawn.  The  treated  timber  shall 
be  protected  from  the  direct  rays  of  the  sun,  and  shall  be  loaded  for 
delivery  within  48  hours  after  withdrawal  from  the  cylinder. 

"After  delivery,  but  before  placing  in  the  structure,  the  timber 
shall   show   such  water-proof  qualities  that,   after  being  dried   in   an 
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Mr.  oven  at  a  temperature  of  100°  Fahr.,  for  a  period  of  24  hours,  weighed, 
Boucher.  ^^^^  then  immersed  in  clean  water  for  a  period  of  24  hours,  and 
again  weighed,  the  gain  in  weight  shall  not  exceed  5  per  cent. 

"The  barrel  sewer  shall  be  built  so  as  to  form  a  continuous  struc- 
ture, unless  otherwise  directed.  If  built  as  a  continuous  structure, 
each  stave  shall  be  placed  so  as  to  form  a  lap  of  at  least  4  ft. 
with  the  adjoining  stave.  Each  stave,  as  put  in  place,  shall  be  nailed 
to  the  adjoining  stave,  in  place,  with  tinned-wire  nails  7  in.  long, 
spaced  at  intervals  not  exceeding  3  ft.  Staves  shall  be  thoroughly- 
fastened  to  each  other  and  to  the  frame  and  chocks,  and  shall  be 
not  less  than  20  ft.  in  length,  except  at  closures. 

"All  joining,  framing,  and  mortising  shall  be  done  in  a  workmanlike 
manner.  Holes,  of  the  sizes  required,  shall  be  bored  for  all  spikes 
and  bolts. 

"The  acceptance  of  material  at  the  plant  of  the  manufacturer  is 
tentative  only,  and  the  City  reserves  the  right  to  reject  shipments, 
in  whole  or  in  part,  after  delivery  on  the  line  of  work,  if  the  material 
fails  to  comply  with  the  requirements  of  the  plans  and  specifications. 

"Galvanized  wrought-iron  or  steel  bands,  saddles,  hangers,  man- 
hole covers  and  frames,  angles,  bolts,  washers,  etc.,  including  all 
metal  required  in  the  permanent  structure,  shall  be  furnished,  placed, 
and  adjusted  as  shown  on  the  plans  and  in  accordance  with  the  require- 
ments of  these  specifications. 

"The  steel  and  wrought  iron  shall  comply  with  the  requirements, 
and  be  subject  to  the  tests  provided  in  the  standard  specifications 
most  recently  adopted  by  the  American  Society  for  Testing  Materials. 

"The  bands,  saddles,  hangers,  manhole  covers  and  frames,  shall 
be  brought  to  true  dimension  and  shape  indicated  on  the  plans  before 
galvanizing.  The  extra  thickness  of  the  band  shall  be  obtained  by 
'upsetting'  the  ends.  Allowance  shall  be  made  in  threaded  articles  so 
that  the  parts  may  screw  together  after  galvanizing  without  recutting 
the  threads.  Samples  of  the  metal  to  be  used  in  the  structure  shall 
be  submitted  for  test  and  approval  before  galvanizing.  Approved 
metal  shall  be  galvanized  as  follows:  the  iron  and  steel  surfaces  must 
first  be  cleaned  of  all  scale  and  rust  by  means  of  steel  brushes  and  a 
dilute  sulphuric  acid  bath.  When  cleaned,  the  metal  shall  be  plunged 
into  a  bath  of  molten  zinc  covered  with  sal-ammoniac. 

"The  galvanizing  must  show  an  even  distribution  of  zinc  over 
the  entire  surface  of  the  steel  or  iron,  bright  in  color,  and  not  blotchy 
in  appearance.  At  least  1  lb.  of  zinc  shall  be  applied  to  every  6  sq.  ft. 
of  surface." 

Mr.  J.  C.  Ealston,*  M.  Am.  Soc.  C.  E.   (by  letter). — A  more  or  less 

Kaiston.  gQjj^tinuous  experience  of  nearly  18  years  in  the  use,  design,  and 
operation  of  wood  stave  pipe,  and  a  fairly  intimate  knowledge  of 
manufacturing  methods,  during  which  time  the  writer  has  had  to 
do,  in  a  consulting  capacity,  with  more  than  3  840  miles  of  all  sizes, 
including  more  than  40  miles  of  continuous  stave  pipe  of  an  average 
diameter   of  70  in.,   impels  him  to   discuss   briefly  certain  phases  of 

*  Spokane,  Wash. 
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Mr    Partrids-e's  paper,  and  to  call  attention  to  some  incorrect  state-      Mr. 

'^         j^    ir     .  Ralston. 

ments  and  immature  conclusions. 

The  author  says,  on  page  442: 

"In  machine-banded  pipe  there  is  absolutely  no  basis  for  the 
present-day  so-called  specifications." 

This  needs  no  comment  other  than  to  add  that  the  specifications 
suggested  in  the  Appendix  are  not  equal  to  those  of  the  best  practice. 
The  basis,  foundation,  groundwork,  or  controlling  principle  on  which 
the  author's  or  any  other  engineer's  specifications  for  wood  pipe  are 
drawai,  is  the  same,  namely,  the  need  for  a  wood  pipe. 

The  evolution  of  the  wood  pipe  specifications  has  passed  through 
a  long  period,  and  has  engaged  the  efforts  of  such  distinguished  engi- 
neers as  the  late  J.  D.  Schuyler,  J.  T.  Fanning,  A.  L.  Adams,  Mem- 
bers, Am.  Soc.  C.  E.,  and  others,  not  to  mention  any  of  the  present- 
day  lesser  lights,  and  it  is  known  that  they  found  a  very  substantial 
and  satisfactory  basis  for  both  the  specifications  and  the  pipe. 

Again,  in  reference  to  fir  (yellow  pine,  Oregon  pine),  on  page  451, 
the  author  states  that  the  oldest  lines  have  been  built  not  more  than 
10  years. 

It  is  useless  to  encumber  the  record  with  a  long  list.  Two  or  three 
citations  may  be  permissible:  The  Garoga  River  Project,  in  Fulton 
County,  New  York,  is  noteworthy.  This  power  plant  was  built  in 
1850,  and  served  imtil  a  fire  destroyed  the  mill  in  1903.  The  original 
project  comprised  a  triangular  timber  crib  dam  (Fig.  2),  about  15  ft. 
high,  much  the  same  as  those  of  the  simpler  types  constructed  by 
Mr.  James  F.  Smith,  Chief  Engineer,  in  1818  and  1819,  for  the 
Schuylkill  Navigation  Company — structures  which  served  from  40 
to  50  years.  The  dam  was  connected  to  the  mill  about  600  ft.  down 
stream  by  a  30-in.  wood  stave  pipe,  through  which  the  water  was 
delivered  to  an  overshot  wheel  about  10  ft.  in  diameter.  The  pipe 
staves  were  of  hard  pine,  2-in.  scantling,  jack-planed  on  their  edges 
to  the  proper  bevel,  and  then  assembled.  The  bands  or  hoops  were 
of  2-in.,  16-gauge,  old-process,  puddled  iron,  and  were  as  well  preserved 
as  the  staves  when  the  line  was  put  out  of  commission.  Angles  in 
the  pipe  line  were  turned  through  wood  stave  pipe  wells,  after  the 
manner  of  a  sewer.  The  line  has  fallen  into  decay  since  the  mill 
was  burned  in  1903. 

Aside  from  the  historical  engineering  interest  of  such  a  well-designed 
piece  of  work,  as  well  as  its  significance  as  a  forerunner  of  the  hydraulic 
end  of  the  modern  power  plant,  the  three  outstanding  features  of 
interest  at  present  are  that  the  staves  were  of  hard  pine,  that  they 
were  in  substantially  as  good  a  state  of  preservation  as  the  iron 
bands  at  the  end  of  50  years,  and  that  the  line  had  a  life  so  much 
longer  than  10  years. 
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Mr.  In  1913,  a  new  power  project  replaced  this  primitive  plant,   and 

a  s  on.  j^gi^^gg  about  2  miles  of  78-in.  wood  stave  pipe  imder  a  maximum 
head  of  160  ft.  (Fig.  3.)  After  an  extensive  inquiry  into  the  merits 
of  various  woods,  Douglas  fir  was  selected  for  this  pipe. 

Another  of  the  pioneer  lines  in  wood  stave  pipe  construction  is 
that  built  by  the  late  Mr.  Fanning,  at  Manchester,  N.  H.,  in  1874. 
This  was  a  buried  line,  and  was  put  in  operation  in  the  spring  of 
that  year.  It  continued  in  operation  for  40  years,  and  was  finally 
displaced,  not  because  the  pipe  was  in  bad  condition,  but  because  a 
new  power  installation  with  a  higher  head  and  a  new  location  had 
to  be  chosen.  Mr.  Fanning's  line  was  Y2  in.  in  diameter,  and  was 
of  4-in.  "liard  pine  staves     *     *     *     cut  from  pitch-pine  plank."* 

Here,  again,  is  another  notable  example  of  hard  pitch-pine  staves 
serving  for  four  decades  instead  of  one. 

Another  classic  example  is  the  Ogden  pipe  line.  It  contains  27  000 
ft.  of  Douglas  fir  stave  pipe,  72  in.  in  diameter,  under  a  head  of  from 
65  to  117  ft.,  and  was  constructed  in  1896. 

Henry  Goldmark,  M.  Am.  Soc.  C.  E.,  describing  this  line,  stated, 
among  other  things,  "A  new  departure,  too,  is  the  use  of  Douglas  fir 
in  place  of  California  redwood.  The  former  timber  is  much  harder 
and  stiffer."t  D.  C.  Henny,  M.  Am.  Soc.  C.  E.,  in  the  ensuing 
discussion,  remarked,  ''The  use  of  Douglas  fir  in  stave-pipe  construc- 
tion can  hardly  be  called  a  new  departure,  as  almost  all  the  stave 
pipes  built  in  Washington,  Oregon,  and  British  Columbia  were  con- 
structed of  that  material."  The  late  Arthur  L.  Adams,  M.  Am.  Soc. 
C.  E.,  in  a  continuance  of  the  same  discussion,  added,  "The  author 
[Mr.  Goldmark]  is  mistaken  in  thinking  the  stave  pipe  [Ogden  line] 
a  pioneer,  either  in  its  diameter  or  in  the  use  of  Douglas  fir  for  staves. 
Several  conduits  6  ft.  in  diameter  have  previously  been  built,  while 
the  same  quality  of  timber  has  been  repeatedly  employed." 

Here,  then,  are  prominent  engineers  engaged  in  discussing  this 
type  of  pipe  with  Douglas  fir  staves,  and  not  redwood,  20  years  ago; 
and,  later,  in  the  U.  S.  Forest  Service  Bulletins,  there  are  references 
to  Douglas  fir  or  Oregon  pine  as  "the  most  imi)ortant  of  American 
woods",  and  "as  a  structural  timber  it  is  not  surpassed." 

The  writer  presumes  to  assert  that  had  the  author  known  more 
history,  and  had  he  been  familiar  with  woods  other  than  redwood, 
he  hardly  would  have  made  the  following  misleading  statements::}: 

"In  all  the  discussions  it  is  noticeable  that  there  are  no  references 
to  cases  where  wood  stave  pipe  has  been  constructed  or  operated  suc- 
cessfully,  or   unsuccessfully,   for   a   number   of   years.     Actual  cases 

*  Transactions,  Am.  Soc.  C.  E.,  Vol.  VI,  p.  69. 

t  Transactions,  Am.  Soc.  C.  E.,  Vol.  XXXVIII,  pp.  268,  311-312. 

t  Pages  435  and  451. 


Fig.  2. — Dam  and  Intake  of  Gakoga  River  Plant  Eight  Years  After  it 
Went  Out  of  Commission. 


Fig.  3. — New  Garoga  River  Pipe  Line:  78-Inch,  Continuous-Stave  Line,  of 

Douglas  Fie. 
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where  it  has  been  in  service  long  enough  to  give  an  idea  of  its  dur-      Mr. 
ability  are  wanted  by  engineers."  Kaiston. 

***** 
"Fir  is  the  pipe  that  has  failed,  the  oldest  lines  having  been  built 
not  more  than  10  years     *     *     *." 

Yet,  at  the  same  time,  he  admits  that  "Fir  and  pine  are  pitchy 
woods."  The  inescapable  but  (the  writer  is  persuaded)  unintentional 
paradox  by  the  author  is  that  pitchy  woods  are  long-lived. 

The  superior  physical  and  mechanical  qualities  of  Douglas  fir 
are  now  well  known  to  the  Profession,  and  it  is  unjust,  misleading, 
and  not  in  the  interest  of  scientific  truth  for  the  author  to  state 
directly  and  by  repeated  implications  that  Douglas  fir  is  inferior  to 
redwood.  Both  are  excellent  woods,  the  best  known  for  stave  material. 
Although  the  writer's  experience  of  18  years  in  stave  pipe  construction 
definitely  commits  him  to  Douglas  fir,  he  would  not  belittle  the 
excellent  qualities  of  redwood.  If  he  did,  he  could  cite  examples 
wherein  redwood  lines  have  been  repaired  with  Douglas  fir  staves. 
Doubtless,  instances  might  also  be  cited  involving  the  opposite 
practice. 

Side  by  side  and  under  identical  conditions,  one  wood  will  last 
as  long  as  the  other,  except  in  the  case  of  continuous  stave  lines, 
when  Douglas  fir  will  take  the  premier  position.  Not  only  is  this 
the  writer's  mature  judgment,  but  the  latest  practice  of  some  of  the 
leading  engineering  corporations,  and  some  of  the  most  eminent 
consulting  engineers  confirm  the  latter  part  of  this  statement.  Thus, 
the  two  largest  continuous  stave  lines  in  the  West,  162  and  168  in.  in 
diameter,  respectively.  Figs.  4  and  5,  and  the  largest  in  the  Atlantic 
States,  144  in.  in  diameter,  two  of  which  are  for  commercial  plants 
and  one  for  railroad  electrification,  built  within  the  last  3  years,  are 
of  Douglas  fir.  One  of  the  Western  lines  is  buried,  the  others  are 
above  ground. 

In  the  matter  of  the  wire-wound  type,  from  2  to  24  in.  in  diameter, 
used  in  domestic  water  supplies,  the  greatest  annoyance  has  arisen 
in  cases  where  the  purchaser  has  insisted  on  the  cheapest  possible 
pipe,  with  sap  staves  and  light  wire,  regardless  of  the  assurance  that 
heavier  wire  and  selected,  sapless  staves  would  give  better  and  longer 
service.  In  the  course  of  time — the  purchaser  having  been  displaced 
by  a  new  operator  and  the  purchaser's  demands  forgotten — criticism, 
and  sometimes  condemnation,  of  all  wood  pipe  has  resulted. 

It  is  true,  as  the  author  suggests,  that  the  nature  of  the  back-fill 
often  has  much  to  do  with  the  life  of  the  pipe.  Careless  or  ignorant 
methods  in  laying  the  pipe  and  in  back-filling  the  trenches  are  the 
cause  of  trouble  and  reduced  life.  The  most  important  consideration, 
next    to    the    quality    of    the    pipe,    is    the    selection    of    clean    earth 


490  DISCUSSION   ON   WOOD   STAVE   PIPE   DESIGN 

Mr.  back-fill  devoid  of  vegetable  mould,  roots,  grass,  sod,  or  other  unstable 
material,  as  well  as  its  proper  compaction,  preferably  for  the  full 
depth  of  the  trench.  Percolating  swamp  waters  are  very  destructive. 
Their  carbon  dioxide  is  the  arch  enemy  of  wire,  rods,  and  steel  pipe, 
although  not  particularly  harmful  to  the  stave  wood.  The  life  of  a 
buried  pipe  is  always  increased  materially  when  percolating  waters, 
free  or  entrained  oxygen,  leaching  processes,  or  the  formation  of 
alkaline  salts  are  excluded.  The  writer  has  examined  municipal  pipe 
lines  which  had  been  laid  for  10,  12,  and  14  years  under  compacted 
clay  back-fill,  and  found  the  galvanizing  on  the  wire  as  bright  as 
when  it  left  the  factory;  and  the  tar  coating  on  the  stave  had  to 
be  scraped  away,  in  order  to  reach  the  wood,  which  was  in  perfect 
condition.     An  indefinite  life  could  almost  be  ascribed  to  such  lines. 

The  writer  can  well  understand  how  such  careful  methods  of 
back-filling  might  largely  account  for  the  well-preserved  specimens 
of  wood  pipe  that  have  been  exhumed,  from  time  to  time,  in  London 
and  some  of  the  older  American  cities,  which  had  been  buried  from 
one  to  two  centuries. 

On  the  other  hand,  the  writer  has  examined  lines,  the  porous 
back-fill  of  which  had  been  percolated  and  partly  washed  away  by 
continuously  flowing  swamp  water,  and  has  found  that  the  wire 
banding  had  been  destroyed  in  3  years.  Thus,  there  are  other  elements 
than  the  selection  of  good  materials,  or  the  manufacturer's  technology, 
which  profoundly  affect  the  life  of  wood  stave  pipe. 

The  use  of  wood  stave  pipe  and  the  science  of  its  construction, 
when  left  in  the  hands  of  experienced  engineers,  now  rests  on  a 
sound,  intelligent,  and  definite  economic  basis.  Its  use  is  no  longer 
experimental  or  a  makeshift.  Neither  are  its  design,  materials, 
manufacture,  or  erection  invested  with  the  imcertainties  ascribed  by 
the  author.  It  is  true  that  in  wood  pipe,  as  in  nearly  all  classes  of 
engineering  products,  poor  materials  and  workmanship  are  sometimes 
found,  but  that  does  not  condemn  the  type,  nor  is  the  technology 
of  the  subject  so  impoverished  that  it  can  be  metamorphosed  by  the 
one-sided  specifications  suggested  by  the  author. 

Except  in  the  most  obvious  cases  of  temporary  service,  there 
should  be  only  one  standard  of  excellence,  namely,  the  best.  The 
variables  in  dimensions,  strength,  and  materials  are  fi:xed  by  service 
demands,  and  are  well  understood  and  simple. 

Contrary  to  the  author's  statements,  the  quality  and  kind  of 
material  in  the  staves  are  well  defined  in  the  manufacturers'  and  in 
the  latest  Reclamation  Service  specifications.  The  following  is  quoted 
from  Specifications  No.  73-D,  TJ.  S.  Reclamation  Service,  Shoshone 
Project,  Wyoming,  dated  March  26th,  1917,  and  may  be  taken  as 
representative  of  good  practice : 


Pig.  4. — Foubtkbn-Foot  Line  of  Montana  Power  Company,  Near  Great 
Falls,  Mont.,  of  Douglas  Fir. 


Fig.  5. — Another  View  of  14-Foot  Line  of  Montana  Power  Company. 
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"All  lumber  used  in  staves  shall  be  Douglas  fir.  It  shall  be  sound,  Mr. 
straight-grained,  and  free  from  sap.  dry  rot,  checks,  wind  shakes,  Ra,iston. 
wane,  and  other  imperfections  that  may  impair  its  strength  or  dur- 
ability. Pitcli  seams  will  be  permitted  in  not  more  than  10%  of 
the  total  number  of  pieces,  it  showing  on  the  edge  only,  and  if  not 
longer  than  4  in.  nor  wider  than  ^V  i^i-^  i^o  through  knots  or  knots 
at  edge  or  within  6  in.  of  ends  of  staves  will  be  allowed;  sound  knots 
not  exceeding  ^  in.  in  diameter,  not  falling  within  the  above  limita- 
tions, not  exceeding  three  in  number  within  a  10-ft.  length,  will  be 
accepted.  All  lumber  used  shall  be  seasoned  by  not  less  than  60 
days  air  drying  in  open  piles  before  milling,  or  by  thorough  kiln 
drying.  All  staves  shall  have  smooth  planed  surfaces,  and  the  inside 
and  outside  faces  shall  be  accurately  milled  to  the  required  circular 
arcs." 

The  foregoing  fixes  the  quality  and  kind  of  material.  The  thick- 
ness of  the  finished  stave  will  depend  on  the  diameter  of  the  pipe 
and  the  pressure  under  which  it  serves.  Stave  thickness  varies  from 
1  in.  in  the  smallest  machine-banded  pipe  to  4  in.  in  the  largest 
continuous  stave  pipe. 

The  paper  and  suggested  specifications  ineptly  seek  to  give  the 
impression  that  all  first-class  stave  pipe  should  be  made  only  from 
clear,  one-year,  air-dried  redwood,  and  that  only  the  inferior  grades 
of  pipe  may  be  made  of  Douglas  fir.  This  is  noticeably  conspicuous, 
in  the  suggested  ''Specifications  for  Continuous-Stave  Pipe,  Class 
A,"  and  the  "Specifications  for  Machine-Banded  Pipe,  Class  A."  In 
both  these  Class  A  types,  the  writer  quite  agrees  with  the  author  that, 
where  redwood  is  used,  it  should  be  a  clear,  air-dried  product,  for  the 
reason,  as  seems  implied,  and  as  is  indeed  true,  that  kiln-dried  red- 
wood is  brittle  and  structurally  inferior.  The  writer's  best  judgment 
and  experience,  however,  are  (and  a  marked  preponderance  of  the  best 
practice  throughout  the  country  confirms  him)  that  Douglas  fir,  either 
air-  or  kiln-dried,  should  also  have  been  specified,  unless  it  was  the 
author's  purpose  to  write  exclusively  a  redwood  specification.  If, 
however,  he  desired  to  write  a  standard.  Class  A,  wood  stave  pipe 
specification,  then,  in  the  interests  of  engineering  fact,  practice,  and 
non-partisan  purpose,  Douglas  fir  should  not  have  been  omitted.  If 
redwood  is  to  be  substituted  for  Douglas  fir,  then,  considering  equiva- 
lent strength,  if  the  safety  factor  is  closely  involved,  as  well  as  the 
greater  porosity  of  the  former  wood,  the  thickness  of  the  redwood 
stave  should  be  correspondingly  increased. 

It  is  granted  that  the  grain  in  redwood  is  not  so  coarse  as  in 
Douglas  fir,  but  the  mechanical  ultimates  of  redwood  are  less  than 
in  fir ;  yet  it  should  be  noted  that  the  soft  or  winter -growth  portion 
of  each  annual  ring  in  redwood  is  much  more  porous  than  the  similar 
soft  portion  of  each  annual  ring  in  Douglas  fir.     Nevertheless,   the 
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Mr.  whole  question  of  percolation  and  saturation  in  either  material  is 
largely  academic,  if  not  fanciful.  Both  woods,  or  any  wood,  will 
become  saturated  and  remain  so,  as  long  as  the  pipes  are  full  of 
water  under  a  sensible  pressure.  The  best  practice  now  fixes  the 
thickness  of  the  stave  as  such  that,  when  the  requirements  of 
saturation  and  strength  are  satisfied,  the  question  of  percolation 
automatically  disappears.  Any  decrease  in  the  standard  thickness  of 
stave,  either  in  fir  or  redwood,  should  not  be  permitted. 

The  writer  has  never  seen  nor  heard  of  a  case  of  "excessive  per- 
colation" in  any  pipe,  except  where  the  staves  were  thinner  than 
standard  practice.  Some  redwood  machine-banded  pipe  has  been 
manufactured  with  unusually  thin  staves,  but  it  is  believed  this 
practice  is  questionable  and  should  be  discouraged. 

It  is  only  in  the  case  of  intermittent  service,  such  as  in  irrigation 
lines,  where  saturation  becomes  important.  Here,  happily,  a  definite 
solution  of  the  problem  is  at  hand  at  a  slightly  increased  cost,  that 
is,  to  creosote  the  staves,  both  fir  and  redwood,  just  as  the  best 
practice  now  requires  that  the  wooden  sleeves  of  wire-wound  standard 
pipe  shall  be  creosoted,  because  of  a  less  perfect  saturation  in  the 
sleeve  than  in  the  pipe. 

The  writer  partly  agrees  with  the  author  when,  on  page  451,  he 
says: 

"The  greater  number  of  failures  possibly  originated  at  the  joints. 
The  outer  edges  of  the  staves  in  the  collars,  when  wood  collars  were 
used,  decayed  rapidly  owing  to  the  fact  that  fir  needs  saturation  for 
preservation,  and  saturation  was  not  secured  at  those  places." 

If  the  author's  diction  had  been  more  precise,  and  he  had  said  that 
the  ends  of  the  staves  in  the  collars  decayed  more  rapidly  than  the 
walls  of  the  pipe,  owing  to  the  fact  that  all  woods  need  saturation 
to  secure  the  best  preservation,  then  the  writer  would  agree  with 
him.  Redwood  does  not  enjoy  a  special  dispensation  of  immunity 
from  decay.  Metal  collars  are  not  a  success,  and  are  more  or  less 
obsolete.  The  open-tank  creosoted  wood  collar  has  proved  superior 
and  satisfactory.  It  should  be  borne  in  mind,  however,  that  when  the 
entire  pipe  is  to  be  creosoted,  the  process  of  creosoting  must  then 
be  with  the  closed-tank,  pressure  method,  and  that  the  average  oil 
content  must  be  not  less  than  8  lb.  per  net  cu.  ft.  of  wood.  The 
open-tank  or  dipping  method  for  collars  is  used  successfully  where 
the  pipe  proper  is  not  creosoted.  The  reason  is  obvious.  Clear  kiln- 
dried  Douglas  fir,  when  given  the  open-tank  treatment,  will  get  a 
thorough  penetration  in  the  end  grain  to  a  substantial  depth.  The 
penetration  into  the  side  of  the  stave  will  vary,  depending  on  the 
nature  of  the  lumber  and  the  location  of  the  annual  rings  in  relation 
to  the  surface  of  the  stave.  Collar  troubles  arise  from  decay  that  sets 
in  on  the  ends  of  the  staves  and  works  back,  finally  undermining  the 
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wires.  If  the  ends  of  the  staves  in  the  collars  are  protected  by  Mr. 
open-tank  treatment,  from  90  to  95%  of  the  protection  afforded  by  ^^'®'''°- 
pressure  treatment  is  secured  at  a  greatly  reduced  cost.  Pressure 
creosoting,  fortunately,  permits  the  use  of  sapwood  in  staves,  and 
where  such  method  is  used,  the  specifications  should  be  correspondingly 
changed.  The  writer  believes  that  properly  creosoted  wood  pipe  for 
high-class  permanent  work  will  meet  with  great  favor,  and  has  an 
encouraging  future. 

An  instructive  series  of  tests  was  recently  made  by  the  Engineering 
Department  of  the  West  Coast  Lumbermen's  Association,  in  co- 
operation with  the  University  of  "Washington,  on  twenty-three  Douglas 
fir  staves,  taken  at  random,  which  had  been  in  continuous  service  for 
16  years  on  the  Cedar  Eiver  pipe  line  of  the  City  of  Seattle.  On  the 
sections  of  pipe  examined,  and  from  which  the  staves  were  taken, 
"there  was  not  a  single  stave  in  either  pipe  section  which  showed 
any  signs  of  decay."  The  specimens  were  tested  in  compression 
parallel  to  the  grain  to  determine  their  crushing  strength.  The  staves 
had  been  under  22  lb.  hydraulic  pressure  for  that  length  of  time. 
They  gave  an  average  dry  weight  of  30.8  lb.,  and  a  maximum  average 
crushing  strength  of  3  870  lb.  per  sq.  in.  The  size  of  the  average  speci- 
men taken  from  each  stave  was  1.63  by  5.55  in.  The  average  number 
of  rings  per  inch  was  18. 

Douglas  fir,  having  a  weight  of  30.8  lb.  per  cu.  ft.,  may  be  expected 
to  have  a  crushing  strength  of  approximately  4  400  lb.  per  sq.  in.* 
If  the  original  strength  of  the  staves  fulfilled  this  expectation,  then, 
after  16  years  of  continuous  saturation  at  a  pressure  of  50  ft.,  they 
exhibited  88%  of  the  strength  of  new  fir.  Inasmuch  as  the  mechanical 
ultimates  of  Douglas  fir,  with  the  usual  safety  factor  of  4,  are  never 
reached,  except  when  staves  are  made  thinner  than  required  by 
standard  practice,  this  12%  reduction  in  strength  is  of  no  consequence 
in  fir  stave  stock. 

In  the  matter  of  curing  the  stave  stock,  extensive  tests,  as  well 
as  experience,  have  shown  that  the  resultant  difference  betweei;  air- 
dried  and  properly  kiln-dried  Douglas  fix  staves  is  altogether  negli- 
gible. In  fact,  there  are  some  features  of  kiln-drying  more  favorable 
than  air-drying,  notably  among  others,  is  the  tendency  which  this 
process  has  to  develop  the  full  extent  of  pitch  pockets  more  visibly 
than  by  air-drying,  whereby  such  defects  are  more  easily  detected 
by  the  inspector,  thus  making  the  culling  process  more  certain.  At 
least  one  of  the  leading  Pacific  Coast  pipe  factories  has  developed 
a  special  kiln  method  which  seems  to  give  excellent  results.  The 
ordinary  dry-kilns  of  the  lumber  companies,  and  the  methods  of 
kilning  by  such  companies  are  not  suitable  to  the  proper  curing  of 
pipe  staves.      Special  kilns   and  their   proper   operation   are   the   sole 

•  Bulletin  88,  U.  S.  Forest  Service,  p.  26. 
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Mr.  factors  in  the  curing  of  Douglas  fir  stave  stock,  in  order  to  make 
^  ^  ""■  it  as  good  as  if  air-cured. 

It  is  proper,  and  no  doubt  customary,  to  give  all  wire-wound  pipe, 
both  fir  and  redwood,  a  bath  in  hot  tar  or  asphalt  before  it  leaves  the 
factory,  and,  while  the  coating  is  still  hot,  to  roll  the  pipe  over  a 
bed  of  saw-dust.  This  treatment  is  a  preservative,  and  adds  to  the 
life  of  any  pipe;  but,  even  if  it  had  no  preservative  quality,  its  value 
as  a  protection  against  abrasions,  rough  handling,  and  the  wear  and 
tear  incident  to  transit,  is  a  wise  and  time-honored  practice.  The 
author's  contention  that  such  treatment  "increases  the  weight  ma- 
terially" is  misleading,  as  it  does  not  generally  affect  the  shipping 
charges.  The  fact  is  that,  in  most  cases  of  the  standard  freight  car, 
the  total  weight  of  a  load  of  pipe  is  less  than  the  minimum  car-load 
weight   prescribed  by   the   railroads. 

Although  continuous  stave  pipe  is  a  comparatively  simple 
structure,  it  is  a  mistake  to  assume  that  it  can  be  assembled  or  laid 
without  the  use  of  expert  and  experienced  supervision,  preferably  by 
the  manufacturer's  engineer,  if  he  is  an  experienced  man.  George 
L.  Watson,  Assoc.  M.  Am.  Soc.  C.  E.,  concludes  an  excellent  article* 
with  a  warning  to  all  general  contractors  to  keep  hands  off,  and 
leave  all  wood  pipe  to  a  regular  pipe  contractor.  The  writer  is  familiar 
with  several  large  jobs,  partly  completed  by  local  or  general  con- 
tractors, which  had  to  be  pulled  down  and  relaid  by  an  expert. 

On  page  439,  we  read:  "Tir  and  pine  are  pitchy  woods,  and  it 
is  impossible  to  obtain  commercial  run  limaber  without  sap,  pitch, 
pitch  seams,  pitch  pockets,  and  knots."  The  Shoshone  Project  speci- 
fication, which  the  writer  has  quoted  in  this  discussion  as  being 
representative,  and  which  he  recommends,  does  not  call  for  "com- 
mercial run  lumber,"  but  for  a  stock  of  definite  and  select  quality. 
He  has  never  known  of  commercial  run  lumber,  either  fir  or  redwood, 
being  used  for  first-class  pipe. 

That  part  of  the  author's  suggested  specification  for  Class  A, 
Continuous-Stave  Pipe,  relating  to  redwood  stave  stock  is  not  specific 
enough,  and  allows  too  much  latitude  in  the  character  of  the  material. 
Kedwood,  like  fir,  should  be  straight-grained,  devoid  of  checks  and 
wanes,  and  should  have  no  knots  at  the  edges  of  the  staves,  nor 
within  6  in.  of  the  ends,  nor  any  defects  which  may  impair  its  strength 
or  durability.  (The  expression,  "materially  impair"  should  not  be 
used.)  Moreover,  the  width  of  the  metallic  tongue  should  be  2  in., 
because  of  the  alleged  tendency  of  redwood  to  shrink  endwise. 

Finally,  the  basis  of  classification,  given  on  page  457,  in  terms 
of  longevity,  seems  to  be  more  pedantic  than  empiric,  and,  therefore, 
should  have  small  place  at  this  time. 

•  Journal,  Am.   Soc.  of  Eng.  Contractors,   Vol.  IV,   No.   7,   September,   1912. 
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O.  p.  M.  Goss*  Assoc.  M.  Am.  Soc.  C.  E.  (by  letter).— The  Mr. 
writer  has  read  this  paper  with  considerable  interest.  It  contains  some  ^°^^' 
very  interesting  suggestions,  and  is  believed  to  be  a  step  in  the  right 
direction,  at  least  in  so  far  as  it  suggests  the  standardizing  of  specifi- 
cations covering  the  design  and  construction  of  wood  stave  pipe.  This 
subject,  however,  is  very  important,  and  should  receive  thorough  con- 
sideration before  any  definite  specification  is  approved. 

There  are,  for  example,  certain  statements  in  the  paper  which  are 
not  based  on  the  natural  laws  underlying  the  most  approved  use  of 
wood.  In  offering  the  following  comments  for  consideration,  the 
writer  has  endeavored  to  set  forth  certain  facts  which  cannot  be  ignored 
in  the  general  discussion  of  wood  stave  pipe. 

On  page  439  the  author  states : 

"Fir  and  pine  are  pitchy  woods,  and  it  is  impossible  to  obtain  com- 
mercial run  lumber  without  sap,  pitch,  pitch  seams,  pitch  pockets,  and 
knots.  Under  conditions  of  partial  saturation,  this  lumber  will  not 
last,  and,  even  with  saturation,  the  pitch  and  sap  will  be  the  cause  of 
deterioration.  Most  failures  are  attributable  to  this  fact.  There  are 
conditions  under  which  fir  or  pine  will  have  a  long  life  and  give  perfect 
satisfaction." 

Pitch  does  not  in  any  way  cause  the  deterioration  of  timber.  Tests 
of  recent  date,  made  at  the  U.  S.  Forest  Service  Laboratory,  indicate 
that  wood  containing  resin  deteriorates  a  little  less  rapidly,  on  the 
average,  than  that  which  is  free  from  this  substance.  The  following 
quotation  is  taken  from  a  recent  report  issued  from  the  U.  S.  Forest 
Products  Laboratory,  at  Madison,  Wis. : 

"Relation  of  Resin  to  Strength  and  Durahility. — Data  on  the  effect 
of  resin  on  durability  were  worked  up  for  105  samples  of  long-leaf 
pine.  The  results,  when  considered  as  averages  for  four  durability 
classes,  indicate  that  increasing  amounts  of  resin  tend  to  be  directly 
correlated  with  increased  durability.  Individual  blocks  do  not  neces- 
sarily bear  out  this  relation,  showing  that  there  are  other  factors 
involved." 

The  following  quotation  is  from  page  441  of  the  paper: 

"The  cases  of  redwood  pipe  already  cited  illustrate  its  adaptability, 
whether  laid  on  the  surface  of  the  ground,  partly  or  completely  buried, 
or  run  through  salt  marshes  or  tropical  swamps  in  direct  contact  with 
the  soil  humus.  Direct  exposure  to  the  rays  of  the  desert  sun,  and 
alternate  wetting  and  drying  when  the  pipe  is  used  intermittently  in 
irrigation  systems,  do  not  lessen  its  efficiency." 

The  writer  cannot  see  how  any  one  can  make  such  a  broad  state- 
ment, and  particularly  that  "alternate  wetting  and  drying  when  the 
pipe  is  used  intermittently  in  irrigation  systems"  does  not  lessen  its 
efficiency.     Again,  tests  made  recently  at  the  U.   S.  Forest  Products 

*  Seattle,  Wash. 
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Mr.  Laboratory  indicate  that  all  woods  are  subject  to  decay  under  adverse 
'  conditions.  It  could  only  be  considered  good  engineering  when  condi- 
tions are  prevented  which  would  tend  to  make  any  wood  less  dur- 
able. Heartwood  from  the  California  big  trees,  at  the  end  of  a 
12-month  test,  showed  a  loss  in  weight  of  35.1%,  due  to  deterioration.* 
This  wood  is  not  the  same  as  redwood,  but  is  similar,  and  is  used  here 
in  the  absence  of  similar  data  for  redwood.  Western  red  cedar,  an 
unusually  durable  wood,  under  similar  conditions,  showed  a  loss  of 
21.3%,  but  it  is  reported  that  the  samples  were  too  wet  to  give  a  fair 
test,  which  indicates  that  21.3%  loss  is  lower  than  a  fair  test  would 
have  shown.  Port  Orford  cedar,  readily  conceded  to  be  one  of  the 
most  durable  woods,  showed  a  loss  of  22.6%,  which,  again,  is  lower 
than  the  value  would  have  been  had  the  specimens  been  less  saturated. 
Douglas  fir  showed  a  loss  of  28.1%,  according  to  these  tests.  Deterio- 
ration, in  this  case,  also,  was  somewhat  retarded  by  an  excess  of 
moisture.  These  results  show  that  the  most  durable  woods  are  likely 
to  decay  if  subjected  to  adverse  conditions.  Due  to  this  fact,  no  wood 
pipe,  regardless  of  the  species  from  which  the  staves  are  made,  should 
be  laid  under  unfavorable  conditions  without  taking  practical  precau- 
tions against  decay  of  the  wood  fiber. 
On  page  444  the  author  states : 

"Fir  and  pine,  being  hard  woods  compared  with  redwood,  and  being 
coarse-grained,  having  wide  rings  of  hard  and  soft  wood,  enter  the 
classification  of  woods  giving  excessive  percolation,  with  slow  and 
incomplete  penetration.  This  is  caused  by  the  water  passing  rapidly 
through  the  soft  summer  wood,  appearing  in  drops  on  the  outer  sur- 
face of  the  pipe,  and  of  penetrating  but  slowly,  and  often  through  only 
a  fraction  of  a  stave,  along  the  hard  winter  rings.  The  result  is  a  stave 
showing  percolation  and  incomplete  penetration  at  alternate  points 
throughout  its  cross-section." 

Douglas  fir,  as  a  matter  of  fact,  is  one  of  the  most  difficult  woods 
to  penetrate  with  a  liquid,  and,  in  this  respect,  might  about  as  well 
be  classed  with  metal  as  with  pine.  In  creosoting  timber,  throughout 
the  United  States,  there  has  seldom  if  ever  been  found  a  wood  which 
has  required  so  much  scientific  study  to  secure  thoroughly  satisfac- 
tory impregnation  as  has  been  the  case  with  Douglas  fir.  In  the 
treatment  of  ties  of  this  wood,  it  is  highly  desirable  to  perforate  the 
sides  of  each  tie  with  fine  holes,  uniformly  spaced,  in  order  to  get  an 
effective  injection  of  creosote  oil. 

It  is  usually  specified  that  pipe  staves  of  Douglas  fir  shall  be  prac- 
tically free  from  all  defects,  which  means  that  this  stock  must  not 
be  cut  from  the  center  of  the  log,  which  usually  contains  most  of 
the  knots  and   other   defects.     Due  to  this   fact,   the  staves  are   cut 

*  Table  7,  p.  90,  "Laboratory  Tests  on  the  Durability  of  American  Woods,"  by 
C.  J.  Humphrey,  of  the  U.  S.  Forest  Products  Laboratory. 
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from  the  fine-grained  material  found  on  the  outer  portion  of  the  large    Mr. 
fir  logs,  and  not  from  the  coarser-grained  material,  which  is  almost 
always  confined  to  the  center  portions  of  the  tree. 

In  the  selection  of  pipe  staves,  care  is  taken  to  eliminate  coarse- 
grained material.  No  difficulty  whatever  is  experienced  in  eliminating 
practically  all  the  sap  wood,  and,  in  pipe  properly  manufactured,  the 
sap  is  never  allowed  to  occur  on  the  outer  portion  of  the  stave.  Sap 
is  not  considered  a  defect  on  the  inner  portion,  in  a  line  which  is  in 
continuous  service,  because  of  the  fact  that,  under  this  condition,  it 
is  always  thoroughly  saturated. 

In  Douglas  fir  staves  of  medium  and  fine  growth,  the  summer  and 
spring  wood  bands  of  the  annual  ring  are  so  close  together  that  if 
either  is  thoroughly  saturated  the  adjacent  one  must  also  be  wet. 

The  soft  portion  of  the  annual  ring  of  redwood  is  more  porous 
than  the  corresponding  part  of  Douglas  fir,  as  shown  by  Figs.  6  and 
7.  Redwood  holds  a  natural  moisture  content  of  about  80%  and  the 
normal  moisture  content  of  Douglas  fir  is  33%,  based  on  the  dry 
weight  of  the  wood  in  both  cases.  These  facts  indicate  a  greater 
porosity  in  redwood  than  in  Douglas  fir.  As  a  matter  of  practice, 
however,  neither  of  these  woods  is  justly  subject  to  criticism  from 
the  standpoint  of  excessive  percolation. 

The  author  refers  to  the  "soft  summer  wood  and  hard  winter 
rings."  Technically,  the  summer  wood  is  the  hard  part  of  the  annual 
ring,  and  is  formed  during  the  dry  period  of  the  tree's  growth;  that 
is,  through  the  late  summer  and  early  fall.  The  soft  or  porous  por- 
tion of  the  annual  ring  is  the  spring  wood,  and  is  formed  in  the  early 
spring  and  summer,  when  moisture  in  the  soil  is  abundant  and  the 
growing  rate  of  the  tree  is  most  rapid. 

On  page  445  the  author  states : 

"The  lumber,  therefore,  should  be  perfectly  dry  before  being  used. 
It  should  be  dried  by  the  natural  or  air-drying  process,  not  by  the 
forced  or  kiln-drying  process.  By  air-drying  only  is  perfect,  somid, 
strong  Imnber  obtained.  Kiln-drying  makes  brittle  and  lifeless  lum- 
ber. Air-drying  requires  time,  and,  as  lumber  should  be  seasoned 
for  at  least  a  year  for  the  best  construction,  a  large  stock  of  it  should 
be  available  at  all  times." 

As  a  matter  of  fact,  better  results  may  be  secured  by  correct 
methods  of  kiln-drying  Douglas  fir  lumber  than  by  air-seasoning  it. 
Like  any  other  process  of  manufacture,  kiln-drying  has  its  successes 
and  failures.  With  a  fundamental  knowledge  of  wood  and  of  the  law 
governing  successful  kiln-drying,  entirely  satisfactory  results  are  now 
obtained.  It  is  possible  to  kiln-dry  Douglas  fir  staves  in  such  a  way 
as  to  leave  them  in  perfect  condition  for  use.  This  kiln-drying  may 
be,  and  is,  done  to-day  so  as  to  produce  faultless  lumber  with  its  full 
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Mr.  original  strength,  in  fact,  much  more  than  its  original  green  streTigth, 
'"^^'  as  it  comes  from  the  kiln. 

Small  specimens  of  long-leaf  pine,*  |  by  |  in.  in  cross-section,  air- 
dried  for  98  days  and  re-soaked  in  water  for  47  days,  showed  a  crush- 
ing strength  of  2  213  lb.  The  same  material  (matched  pieces)  after 
being  kiln-dried  35  days  and  re-soaked  in  water  63  days  exhibited 
2  268  lb.  Air-dried,  re-soaked  specimens  of  red  spruce,  handled  in 
exactly  the  same  way,  showed  a  strength  of  1  553  lb.,  and  for  the  kiln- 
dried,  re-soaked,  1  606  lb.  Chestnut  was  also  used  in  this  test,  and 
exhibited  1  482  lb.  for  the  air-dried,  re-soaked,  and  1  573  lb.  for  the 
kiln-dried,  re-soaked  pieces.  These  figures  show  that  proper  kiln- 
drying  does  not  injure  the  strength  of  the  wood,  as  compared  to  air- 
seasoning;  and  it  must  be  remembered  that  these  tests  were  made  on 
specimens  which  were  water-soaked  after  being  kiln-dried  and  air-dried, 
which  makes  the  tests  particularly  applicable  to  pipe  staves  in  service. 

Mr.  H.  D.  Tiemann,  of  the  U.  S.  Forest  Products  Laboratory,  one 
of  the  best  versed  men  in  the  United  States  on  the  theory  of  kiln- 
drying  lumber,  states  :t 

"While  air-drying  is  undoubtedly  the  safest  method,- the  process  is 
ordinarily  so  slow,  requiring  a  year  or  longer,  according  to  species  and 
size,  that  forced  'artificial'  drying  becomes  a  business  necessity. 
Moreover,  air-drying  is  by  no  means  always  to  be  preferred  to  kiln- 
drying  from  the  standpoint  of  the  quality  of  the  product." 

The  writer  has  made  tests  on  Douglas  fir  and  western  hemlock, 
similar  to  those  quoted  from  Circular  No.  108  of  the  U.  S.  Forest 
Service,  showing  that  kiln-drying  operations  do  not  affect  adversely 
the  strength  of  either  of  these  species,  as  compared  to  air-seasoned 
material.  This  may  not  be  true  in  the  case  of  redwood  or  cedar,  as 
the  structure  of  these  woods  is  very  different,  and  the  cells  appear  to 
collapse  under  the  application  of  heat  very  much  more  readily  than 
with  Douglas  fir  or  pine. 

On  page  446  the  author  states:  "For  correct  pipe  design,  only 
air-dried  lumber  should  be  specified."  This  seems  to  be  so  far  out 
of  line  with  good  practice  that  it  needs  little  comment.  Practically 
all  the  Douglas  fir  lumber  which  is  put  into  pipe  is  thoroughly  kiln- 
dried  before  use,  and  any  one  familiar  with  this  material  knows  that, 
under  conditions  which  are  favorable  to  any  wood  pipe,  it  gives  the 
best  of  service. 

The  author  discusses  machine-banded  pipe,  and  refers  to  the  diffi- 
culty experienced  with  the  banded  couplings,  due  to  their  lack  of 
durability.  He  suggests  that  fir  pipe  couplings  be  discarded  and 
replaced  by  couplings  of  redwood.     This  is  not  the  best  solution  of 

*  Circular  No.  108,  Forest  Service,  U.  S.  Dept.  of  Agriculture,  Table  5. 
t  Bulletin  No.  509,  U.  S.  Dept.  of  Agriculture,  p.  2. 


!  1      i 


t-ni    "Tl 


Lryp^-^'4' 


^f\f'-^'  1  i"^  ' ; 


-^--JT-Tf-'rlf 


Fig.  6. — Cross-Section,  Douglas  FIr,  Showing  Cell  Structure. 

(20    DiAMIiTERS.) 

A. — Summer  Wood.     B. — Spring  Wood. 


Pig.    7. — Cross-Section,   Redwood,   Showing   Cell  Steuctttre.      (20   Diameters.) 
A. — Summer  Wood.     B. — Spring  Wood. 
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this  problem.  A  better  method  is  to  creosote  thoroughly  the  staves  of  Mr. 
pine,  fir,  or  redwood  before  making  up  these  collars.  This  will  give 
them  durability  even  greater  than  that  of  the  pipe  line  itself  under 
complete  saturation.  This  is  strictly  an  economical  and  efficient 
method,  and  is  to-day  being  practiced  by  at  least  the  most  progressive 
pipe  manufacturers  on  the  Pacific  Coast. 
The  following  is  quoted  from  page  451 : 

"The  use  of  the  inserted  or  slip-joint  pipe  is  not  to  be  recom- 
mended. Such  a  connection  weakens  the  end  of  every  section,  because 
nearly  one-half  of  the  shell  of  the  pipe  is  cut  away  to  make  the  joint. 
A  reinforcing  rod  is  often  used  to  draw  the  joint  tight,  but  if  the  male 
and  female  tenons  are  eccentric,  leakage  cannot  be  avoided." 

The  writer  has  used  a  considerable  quantity  of  machine-banded 
Douglas  fir  pipe  with  the  inserted  couplings,  and  has  found  it  to  give 
thorough  satisfaction.  As  to  the  strength  of  these  joints,  the  writer 
has  had  no  experience  which  would  indicate  that  they  are  not  suffi- 
ciently reinforced.  Redwood  staves  are  usually  thinner  than  those  of 
fir  or  pine,  and  this,  together  with  the  fact  that  redwood  is  weaker 
than  Douglas  fir  or  pine,  might  account  for  the  lack  of  satisfaction 
given  by  this  type  of  pipe.  It  is  an  entire  success  when  made  of 
Douglas  fir,  in  accordance  with  present  standards. 

The  writer  cannot  see  any  reason  for  leakage  due  to  the  tenons  or 
cups  being  slightly  eccentric  with  regard  to  the  axis  of  the  pipe,  so 
long  as  they  are  circular  and  well  manufactured.  In  his  experience, 
no  difficulty  from  leakage  has  been  found. 

Douglas  fir  has  considerable  advantage  over  redwood  in  strength 
in  compression  across  the  grain.  The  average  strength  of  these 
woods*  is  570  lb.  per  sq.  in.  for  Douglas  fir  and  525  lb.  for  redwood. 
These  figures  show  redwood  to  be  approximately  92%  as  strong  in 
side  bearing  as  Douglas  fir. 

On  page  457  the  author  states:  "For  permanent  work,  redwood 
should  be  selected,  or  fir  or  pine  of  high-grade  staves  kept  saturated 
and  well  painted." 

It  would  be  inviting  trouble  not  to  apply  the  clause  "kept  satu- 
rated and  well  painted"  to  redwood,  as  well  as  to  fir  and  pine.  It  is 
the  weak  points  in  a  wood  pipe  that  cause  the  trouble,  and  in  good 
engineering  these  weak  points  should  be  eliminated  by  proper  means. 
Wood  staves  used  under  low  heads  or  under  intermittent  service  should 
be  creosoted  by  the  pressure  process.  If,  for  any  reason,  this  is 
impossible,  a  brush  treatment  with  hot  creosote,  or  carbolineum,  should 
be  applied  to  the  edges  and  ends  of  the  staves,  and  also  to  the  entire 
outer  portion  of  the  pipe  line.  This  treatment  should  be  followed 
with  a  hot  asphalt  or  tar  coating  thoroughly  applied. 

*  Bulletin  No.  108,  Forest  Service,  U.  S.  Dept.  Agriculture,  Table  12. 
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Mr.  On  page  446,  the  following  is  found: 

''In  regard  to  the  protection  of  the  staves  by  applications  of  coat- 
ings of  paint  or  disinfectant,  little  of  value  can  be  cited.  Many 
claims  are  made  for  the  benefits  derived  from  various  coatings,  but 
sufficient  data  are  yet  lacking  for  reliable  conclusions.  It  is  certain 
that  such  protection  increases  the  life  of  fir,  pine,  or  other  woods  con- 
taining sap  and  pitch,  but  its  merits  on  a  redwood  pipe  have  not  yet 
been  proved. 

******* 

"  A  coating  of  at  least  -^^  in.  should  be  the  result  of  the  first 
painting,  and  repeated  examination  should  be  made  of  the  line,  and 
the  pipe  painted  every  year  or  so." 

It  is  safe  to  say  that  a  protective  coating  or  preservative  properly 
applied  will  increase  the  life  of  any  wood  pipe.  Mr.  Partridge  states 
that  in  fir  and  pine  pipe  it  is  necessary  to  apply  a  preservative  coat- 
ing "every  year  or  so."  The  writer  knows  of  no  Douglas  fir  or  pine 
pipe  lines  which  have  been  coated  as  often  as  this.  In  fact,  it  would 
be  impracticable  and  entirely  unnecessary  to  paint  a  wood  pipe  line 
''every  year  or  so"  when  such  line  is  buried  in  the  soil.  If  the  proper 
material  is  used,  the  protective  coating  should  remain  on  the  pipe  at 
least  15  years  under  such  conditions.  The  writer  has  seen  Douglas 
fir  stave  pipe  uncovered  24  years  after  it  had  been  laid,  and  the 
asphaltic  coating  was  still  in  good  condition.  If  the  pipe  is  used 
above  ground,  it  would  not  be  necessary  to  paint  it  oftener  than  once 
in  5  years,  because  the  natural  conditions  would  tend  to  retard 
decay. 

Untreated  wood  stave  pipe  has  demonstrated  its  value  when  used 
with  a  thorough  knowledge  of  the  underlying  principle  controlling  the 
efficient  use  of  wood.  There  is  in  store  for  such  pipe,  however,  a 
development  which  is  now  making  its  appearance  and  will  materially 
change  present  practice,  and  that  is  the  creosoting  of  the  staves  under 
pressure  as  a  means  of  eliminating  decay. 

Considerable  effort  has  been  made  by  the  Engineering  Department 
of  the  West  Coast  Lumbermen's  Association,  particularly  during  the 
last  3  years,  to  improve  the  methods  of  creosoting  Douglas  fir  in  its 
various  forms.  One  of  the  forms  already  studied  is  staves.  In  the 
methods  of  treatment  which  have  been  applied  in  the  past  (the  old 
boiling  or  steaming  processes),  previous  to  the  recent  developments  in 
the  art  of  creosoting  Douglas  fir,  there  has  been  considerable  loss  in 
strength  in  compression  perpendicular  to  the  grain,  due  to  the  creosote 
treatment.  This  loss,  of  course,  was  not  desirable  in  the  case  of  staves, 
which  depend  on  the  strength  of  the  wood  in  side  bearing  to  resist 
the  water  pressure.  There  was  a  loss  in  strength  of  30%  or  more  in 
the  staves  as  a  result  of  either  of  these  treatments.     However,  by  the 
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process  now   in   use — the   '^boiling  under   a   vacuum   method" — which   Mr. 
greatly  reduces  the  temperature  of  the  oil  during  treatment,  or  simply 
treating  imder  low  temperatures,  there  has  been  no  loss  in  the  strength 
of  the  staves. 

The  West  Coast  Lumbermen's  Association  recently  completed  some 
strength  tests  on  staves  which  had  been  creosoted  by  this  mild-tem- 
perature method  of  treatment.  Twelve  Douglas  fir  staves  were  selected, 
which  were  entirely  free  from  sap  wood,  and  twelve  other  staves  were 
chosen  as  nearly  like  the  first  group  as  possible,  except  that  they  con- 
tained various  quantities  of  sap  wood.  All  these  staves  were  6  ft. 
long,  and  were  kiln-dried.  A  section  1  ft.  long  was  cut  off  the  end 
of  each  stave  and  retained  for  a  control  test.  The  remaining  por- 
tions of  each  of  the  twenty-four  staves  were  treated  in  the  following 
manner : 

They  were  warmed  in  creosote  oil  for  4  hours  at  170°  Fahr.,  and 
pressed  from  0  to  approximately  100  lb.  per  sq.  in.,  until  they  had 
received  about  16  lb.  of  oil  per  cu.  ft. 

The  oil  was  then  heated  from  170  to  230°  Fahr.  in  3  hours,  and 
held  at  this  latter  temperature  for  1  hour.  The  staves  were  then 
removed. 

The  final  heating  bath  was  for  the  purpose  of  removing  the  surplus 
oil  and  cleaning  the  stave. 

TABLE  4. — Band  Bearing  Test  on  Douglas  Fir  Staves,  Natural 
AND  Creosoted.  Staves  Soaked  in  Water  One  Month  Before 
Test. 


Load,  in  pounds,  required  to  press  a  section,  3.35  in.  long,  of 

BANDS  of  various  DIAMETER,  INTO  THE  STAVE  TO  A 
BEARING    OF  60  AND  90°   OF  ARC. 

Aver- 

Condition of 
stave. 

0.193  in. 
Diameter. 

0.226  in. 
Diameter. 

0.497  in. 
Diameter. 

0.625  in. 
Diameter. 

age 
for  all 
tests. 

60" 

90° 

60° 

90° 

60° 

90' 

60° 

90° 

Staves  containing 

Sapwood. 

166 
171 

103.1 

371 
414 

111.6 

218 
250 

114.7 

453 

518 

114.4 

507 
620 

122.3 

1  096 
1  338 

122.1 

608 
756 

124.4 

1  334 
1  663 

124.7 

594 

Treated 

716 

Treated,  in  per- ; 
centage  of  na-  V 
tural ) 

120.5 

Staves  all  Heartwood. 


196 
210 

107.1 

460 
531 

115.5 

267 
332 

124.4 

574 
713 

124.2 

5H2 
752 

127.0 

1  291 
1  596 

123.6 

714 

880 

123.3 

1  572 
1  929 

122.7 

708 

Treated 

868 

Treated,  in  per-  1 
centage  of  na-  V 
tural \ 

122.6 
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Mr.  After  this  treatment,  the  staves  were  free  from  excess  of  oil  and 
■  easy  to  handle.  They  were  then  placed  in  a  water  tank  with  the 
untreated  pieces,  and  all  were  soaked  for  about  30  days.  Then  both 
the  natural  and  creosoted  staves  were  subjected  to  a  band  pressure 
test.  In  making  this  test,  four  sizes  of  bands  were  used,  as  shown  in 
Table  4.  Each  band  was  3.35  in.  long,  and  was  pressed  into  the  stave, 
for  the  entire  length  of  the  band,  in  a  direction  perpendicular  to  the 
grain  of  the  wood,  until  it  was  embedded  over  an  area  equal  to  60 
and  90°  of  the  arc.  Figs.  8  and  9  illustrate  the  method  of  making  the 
test.  The  loads  required  to  cause  this  depth  of  compression  are  shown 
in  Table  4.  Each  stave,  natural  and  treated,  was  subjected  to  tests 
with  bands  of  each  size.  The  results  show  clearly  that  creosoted  staves 
of  all  heartwood  as  well  as  those  of  mixed  heartwood  and  sap  wood 
have  strength  values  even  greater  than  those  obtained  from  the  test 
of  natural  wood.  The  results  are  particularly  significant,  as  the  test 
approaches  about  as  closely  as  possible  the  actual  condition  of  staves 
in  a  pipe  line  in  service.  The  creosoted  staves  uniformly  show  a 
slightly  higher  strength  than  the  untreated  staves  tested  under  the 
same  conditions.  These  results  demonstrate  clearly  the  fact  that  it  is 
possible  to  creosote  Douglas  fir  staves  and  retain  all  their  original 
strength.  They  also  indicate  clearly  the  practicability  of  permit- 
ting sap  wood  in  staves  which  are  to  be  creosoted.  In  the  staves 
tested,  the  penetration  of  the  creosote  oil  in  the  sap  wood  was  very 
complete  in  every  case. 

Recent  experimental  work  conducted  by  the  writer  has  also  shown 
the  practicability  of  perforating  the  outer  surface  of  Douglas  fir 
staves  with  small  holes  systematically  spaced,  as  shown  in  Fig.  10. 
The  resistance  of  the  oil  passing  into  the  wood  along  the  grain  is 
practically  nil  compared  to  that  found  in  forcing  the  oil  in  across  the 
grain.  The  fine  holes,  through  which  the  depth  of  penetration  and 
the  distribution  of  oil  is  controlled,  are  so  small  and  spaced  so  regu- 
larly that  they  do  not  reduce  the  strength  of  the  wood  when  tested 
in  compression  perpendicular  to  the  grain.  The  result  of  these  perfor- 
ations is  that  the  depth  of  penetration  and  the  distribution  of  the  oil 
can  be  thoroughly  controlled — two  very  important  factors  in  securing 
the  greatest  efficiency  from  creosoted  timber. 

Mr.  Partridge  does  not  discuss  at  any  length  the  possibility  of  the 
entire  elimination  of  decay  in  wood  stave  pipe  by  an  efficient  pressure 
treatment  of  the  staves  with  coal-tar  creosote.  This  subject  should  be 
thoroughly  investigated  at  once,  as  the  proper  use  of  creosote  promises 
to  extend  greatly  the  field  of  usefulness  of  such  pipe,  and  give  it  a 
reliability  never  before  possessed.  The  writer  is  fully  convinced  of 
this,  after  having  studied  the  subject  very  carefully.  A  large  number 
of  test  resvdts  are  available,  and  more  should  be  obtained. 


Fig.  8. — Method  of  Making  Band  Peessuee  Test. 
A. — Stave    Under  Test. 
B. — Band  Being  Pressed  Into  Stave. 
C. — Instrument  foe  Reading  Compeession. 


Fig.    9. — Method   of   Making    Band    Pressure    Test. 
ST-IEON  Section  for  Holding  Specimen. 
Band  Being  Pbessed  Into  Stave. 
Set-screws  fob  Tightening  Stave  in  Position  for  Test. 
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The  final  cost  of  a  creosoted  stave  pipe  line  in  place  will  be  approx-  Mr. 
imately  20%  more  than  that  of  an  untreated  Douglas  fir  line,  and  about  *^°^^' 
the  same  as  that  of  an  untreated  redwuod  line.  A  number  of  large 
items  remain  constant,  regardless  of  the  cost  of  the  staves.  The  steel 
bands,  the  excavation,  the  back-filling,  engineering,  overhead,  trans- 
portation, and  other  costs  remain  constant  regardless  of  whether  or 
not  the  staves  are  creosoted.  This  added  cost  of  20%  for  a  Douglas 
fir  line  may  be  assumed  to  buy  a  guaranty  of  greater  permanency  for 
any  line,  regardless  of  conditions  under  which  it  is  built. 
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ARRANGEMENT  OF  PERFORATIONS 
WHICH  WILL  RESULT   IN  COMPLETE 

PENETRATION   OF  CREOSOTE   OIL 
EQUAL  TO  DEPTH   OF  PERFORATIONS. 
Fig.  10. 

The  writer  recommends  a  thorough  investigation  by  the  Society 
of  the  possibilities  of  creosoted  wood  stave  pipe.  Creosote  promises 
to  revolutionize  the  use  of  wood  stave  pipe  and  put  it  even  more  firmly 
in  a  class  with  the  most  durable  pipe  known,  and  yet  leave  it  with 
almost  all  its  present  advantages  as  to  low  first  cost  and  low  coefficient 
of  friction.  The  writer  has  discussed  this  subject  with  Joseph  Jacobs, 
L.  J.  Stannard,  and  Marvin  Chase,  Members,  Am.  Soc.  C.  E.,  the  latter 
recently  appointed  Irrigation  Engineer  for  the  State  of  Washington, 
all  of  whom  see  great  possibilities  for  the  creosoted  stave  form  of  con- 
struction. Mr.  Chase  recently  built  approximately  8  200  ft.  of  60  and 
63-in.  (inside  diameter)  creosoted  wood  pipe  for  the  Wenatchee 
Reclamation  District,  in  the  Wenatchee  Valley,  Washington,  and  this 
line  gives  promise  of  most  excellent  results. 

Before  any  standard  specifications  are  adopted,  the  American 
Society  of  Civil  Engineers  should  thoroughly  investigate  this  subject 
through  a  committee  capable  of  going  deeply  into  it. 

W.  H.  R.  NiMMo,*  Assoc.  M.  Am.  Soc.  C.  E.  (by  letter).— The 
writer,  having  had  occasion  to  deal  with  numerous  lines  of  wood 
pipe,  especially  of  the  machine-banded  type,  for  town  water  supplies, 

*  Hobart,  Tasmania. 
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Mr.  has  been  much  interested  in  this  paper.  Wood  pipes  as  used  in 
Tasmania,  whether  of  the  continuous-stave  or  machine-banded  type, 
are  almost  always  constructed  of  fir,  known  locally  as  Oregon  fir. 
Although  some  engineers  are  fully  aware  of  the  superiority  of  red- 
wood, yet,  owing  to  its  greater  cost,  pipes  of  this  timber  cannot  be 
obtained  from  stock,  and  it  is  necessary  to  have  them  manufactured 
especially  for  each  job.  In  the  smaller  sizes,  up  to  about  6  in.,  redwood 
pipes  cannot  usually  compete  with  cast  iron  or  reinforced  concrete. 
This  State  possesses  some  fine  timbers,  which  may  possibly  prove 
superior  to  redwood,  yet,  at  the  present  time,  owing  to  lack  of  a 
sound  forest  policy,  they  cannot  be  obtained  as  cheaply  as  Oregon  fir. 

Machine-banded  pipes,  after  receiving  a  first  coating  of  bitumi- 
nous composition,  are  usually  wound  spirally  with  a  strip  of  Hessian, 
and  are  then  given  a  second  coating  of  composition  and  rolled  in 
sawdust.  The  Hessian  covering  and  second  coating  increases  the 
cost  slightly,  and  is  omitted  in  some  cases. 

If  galvanized  wire  of  good  quality  is  used,  a  factor  of  safety  of 
four  against  breaking  is  considered  sufficient.  In  computing  the 
stress  on  the  winding,  the  question  arises  as  to  the  exact  diameter 
of  the  pipe  to  be  used.  In  a  wood  pipe,  which  is  saturated,  the  joints 
between  the  staves  must  contain  water  tmder  pressure,  and  in  designing 
such  pipes,  the  writer  assumes  that  the  pressure  varies  uniformly 
from  the  full  pressure  at  the  inner  surface  to  zero  at  the  outer 
surface,  and  the  mean  diameter  of  the  pipe  is  used  in  computing 
the  stress  in  the  wire.  This  is  a  matter  of  no  importance  in  a  large 
pipe,  but,  in  small  sizes,  its  effect  on  the  size  of  the  wire  is  appreciable. 
The  writer  has  not  seen  the  question  dealt  with  by  any  authority. 

In  the  case  of  continuous-stave  pipe,  the  design  of  shoes  has  not 
always  received  sufficient  attention.  A  type  of  shoe  is  sometimes 
used  in  which  the  tension  of  the  two  ends  of  the  band  are  not  in 
the  same  vertical  plane,  thus  adding  a  horizontal  bending  stress  to 
the  direct  tensile  stress  in  the  bands  near  the  shoe. 

A  combination  of  inserted  joint  with  a  collar  is  now  generally 
used  on  machine-banded  pipes,  and  has  been  found  to  be  fairly  satis- 
factory. 

The  increase  in  shipping  weight  due  to  the  coating  may  not  be 
of  great  importance.  Freight  by  sea  is  usually  charged  by  measure- 
ment, and  special  rates  by  rail  can  frequently  be  obtained  for  complete 
carloads.  The  smaller  freight  and  handling  charges  on  wood  pipe, 
as  compared  with  other  kinds  of  pipe,  however,  are  often  the  deter- 
mining factors  in  its  selection. 

In  all  specifications  for  machine-banded  pipes,  a  clause  should  be 
inserted  requiring  each  pipe  to  be  clearly  branded  with  letters  indi- 
cating the  job,  and  figures  indicating  the  head  for  which  it  is  intended. 
The  writer  knows  of  cases  where  pipes  intended  to  be  laid  near  the 
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intake  of  a  line,  under  a  low  pressure,  have  been  carelessly  laid  in     Mr. 
places  where  the  pressure  was  comparatively  high,  resulting  in  con-  " 
siderable  trouble  in  maintenance. 

E.  A.  MoRiTz,*  Assoc.  M.  Am.  Soc.  C.  E.  (by  letter).! — The  author  Mr. 
states  that  the  primary  purposes  of  his  paper  are:  (a)  to  give  engi-  ' 
neers  an  idea  of  the  difference  between  the  various  grades  of 
wood  pipes;  (b)  to  set  forth  a  standard  set  of  specifications  for  the 
assistance  of  engineers  who  have  had  no  opportimity  to  become  versed 
in  their  design;  and  (c)  to  safeguard  those  who  contemplate  building 
such  pipe.  His  purposes  appear  to  have  been  very  well  accomplished 
and,  on  the  whole,  the  paper  is  well  worth  careful  study  by  any  one 
who  is  without  information  or  experience  in  wood  stave  pipe  design. 
The  writer  would  issue  only  one  caution  to  the  uninitiated,  and  that 
is,  that  the  author  appears  to  give  undue  prominence  to  the  value  of 
redwood  as  compared  with  fir,  which  may  be  due  to  the  fact  that  he 
may  have  had  less  experience  with  the  latter.  This  tendency  will  be 
discussed  later. 

The  writer  will  confine  himself  to  pointing  out  some  statements 
which  are  not  exact  or  which  are  open  to  differences  of  opinion.  One 
of  these  is  that  redwood  is  the  best  known  material  for  wood  pipe. 
This  may  have  been  true  25  years  ago,  but  its  accuracy,  at  the  present 
time,  is  questioned.  There  are  at  least  five  large  companies  on  the 
Pacific  Coast  which  manufacture  fir  pipe  exclusively,  and  only  two 
which  manufacture  redwood  pipe.  The  writer  has  no  statistics  at  hand, 
but  it  is  not  unlikely  that  the  output  of  fir  pipe  far  exceeds  that  of 
redwood. 

In  regard  to  redwood  pipe,  the  author  says: 

"Direct  exposure  to  the  rays  of  the  desert  sun,  and  alternate  wetting 
and  drying  when  the  pipe  is  used  intermittently  in  irrigation  systems, 
do  not  lessen  its  efficiency." 

This  appears  to  be  an  inaccurate  statement,  but  if  the  author  means 
that  such  conditions  do  not  hasten  the  decay  of  the  wood,  he  will 
find  few  engineers  to  agree  with  him. 

The  author  cites  various  specifications  of  the  U.  S.  Reclamation 
Service  as  examples  of  the  embodiment  of  different  fundamentals  for 
the  purchase  of  similar  materials,  and  states  that,  in  some  of  these, 
redwood  is  placed  on  an  equal  basis  with  vmcoated  fir  and,  in  others, 
with  coated  fir.  This  is  an  incorrect  understanding  of  the  practice 
of  the  Reclamation  Service,  which  is  to  compare  redwood,  coated  fir, 
and  uncoated  fir  on  their  merits,  as  influenced  by  the  peculiar  local 
conditions  surrounding  each  installation.  That  is,  when  competitive 
bids  are  asked  for  the  three  different  classes  of  materials,  the  prices 

*  Denver,    Colo. 

t  The    discussions    by    Messrs.    Morltz    and    Miller    were    presented    before    the 
Colorado  Association  of  Members,  Am.  Soc.  C.  E.,  at  its  meeting  of  June  9th,  1917. 
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j^jMr  submitted  are  not  compared  directly,  but  an  estimate  is  made  of  the 
■  probable  length  of  life  of  each  class  of  construction  and  the  cost  of 
maintenance  and  replacement,  and  the  ultimate  cost  is  made  the 
basis  of  decisiop.  as  to  the  most  economical  construction.  It  is  well 
known  that  redwood  is  much  more  durable  than  uncoated  fir,  and 
it  is  probable  that  it  is  more  durable  than  coated  fir  under  similar 
conditions,  but,  as  to  the  latter,  available  information  is  not  conclusive. 

The  statement  that  galvanized  bands  have  been  used  on  wood  pipe 
in  the  Hawaiian  Islands  is  interesting.  The  writer  did  not  know 
that  this  had  ever  been  done,  and  he  has  always  held  the  opinion  that 
the  spelter  could  not  withstand  the  severe  treatment  given  the  bands 
during  erection.  If  galvanized  rods  can  be  put  in  place  without 
serious  injury  to  the  spelter,  such  material  would  be  a  great  improve- 
ment over  the  asphalt  paint  generally  used,  which  is  not  satisfactory. 
The  cost  would  not  be  prohibitive. 

The  author  states  that  machine-banded  pipe  is  made  in  sizes  from 
2  to  24  in.  Several  manufacturers  are  now  making  very  satisfactory 
machine-banded  pipe  up  to  30  in.  in  diameter.  The  writer  is  not 
informed  as  to  whether  or  not  such  pipes  have  been  manufactured 
in  larger  sizes  than  30  in. 

The  author  is  not  in  favor  of  inserted  or  slip-joint  pipe.  Probably  few, 
if  any,  engineers  will  agree  with  him  in  this.  The  inserted  joint  is  en- 
tirely satisfactory  for  heads  up  to  about  100  ft.,  and,  if  properly  rein- 
forced with  individual  bands,  might  be  used  successfully  under  higher 
heads.  The  limit,  no  doubt,  is  lower  for  the  larger  than  for  the  smaller 
pipe.  Information  on  this  point  is  not  conclusive,  but,  if  the  writer 
may  venture  a  guess,  it  is  that  the  reinforced  inserted  joint  can  be  used 
successfully  for  24-in.  pipe  under  a  maximum  head  of  50  ft.,  and  for 
8-in.  pipe  under  a  maximum  head  of  150  ft.  The  reinforced  inserted 
joint  has  been  used  successfully  on  30-in.  pipe  under  a  25-ft.  head. 
The  wood  collar  is  the  most  viilnerable  part  of  the  pipe  to  the  ravages 
of  decaying  influences,  due  to  its  lack  of  saturation,  and,  on  this 
account,  it  should  be  used  only  when  necessary. 

The  author  says,  "Fir  is  the  pipe  that  has  failed,  the  oldest  lines 
having  been  built  not  more  than  10  years,  *  *  *".  This  is  a  sur- 
prising statement,  in  view  of  his  knowledge  of  Mr.  Henny's  article  on 
"Life  of  Wood  Pipe."*  This  article  does  not,  by  any  means,  include 
all  the  wire-wound  fir  wood  pipes  that  have  been  built,  but,  it  does 
include  one  pipe  that  was  20  years  old  and  another  that  was  19  years 
old  in  1915.  The  former  is  stated  to  be  in  "good  condition"  and  the 
latter  "in  excellent  condition,  including  wire." 
Mr.  A.  N.  MiLLER,t  Assoc.  M.  Am.  Soc.  C.  E.  (by  letter). — This  paper 

is   a   valuable  addition   to   the   existing  literature   on   the   subject   of 
wood  stave  pipe. 

•  Reclamation  Record,  August,  1915. 
t  Denver,  Colo. 


Miller 
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The  writer  cannot  agree  with  Mr.  Partridge,  however,  when  he  Mr 
states  (page  457)  that  machine-banded.  Class  A  pipe  "will  have  a  '  '  ^'^^ 
life  of  from  15  to  25  years  when  receiving  no  attention;  a  longer  life 
under  ideal  conditions,  as  when  laid  in  soils  having  the  least  possible 
corrosive  effect  on  the  galvanized  wire,  and  when  operating  under 
pressure,  so  as  to  insure  complete  saturation  of  the  wood."  This  state- 
ment may  or  may  not  be  true.  It  may  be  assumed  that  the  life  of 
clear  redwood,  completely  saturated,  is  exceedingly  long,  and  if  the 
pipe  is  placed  in  a  soil  which  permits  of  the  staves  being  continually 
saturated,  there  is  no  doubt  that  they  will  last  for  25  years,  or  even 
much  longer. 

The  lack  of  permanency  in  machine-banded  pipe  is  due  to  the 
corrosion  of  the  wire,  which  is  of  comparatively  small  sectional  area. 
As  shovai  in  Table  3,  machine-banded  pipe  is  at  present  manufactured 
in  diameters  up  to  24  in.,  with  sizes  of  wire  varying  from  No.  12  in 
the  2-in.  size  to  No.  4  in  the  24-in.  size,  the  spacing  of  the  wires  varying 
with  the  pressure,  as  there  tabulated. 

By  referring  to  Table  2,  on  continuous  wood  stave  pipe  with  ordi- 
nary band  steel,  it  will  be  noted  that  the  usual  type  is  made  successfully 
in  diameters  up  to  144  in.,  and  that  the  corresponding  diameter  of  the 
band  on  the  24-in.  pipe  is  ^  in.  The  wire  on  the  machine-banded 
pipe  is  galvanized.  On  the  ordinary  pipe,  the  bars  may  or  may  not  be; 
usually,  they  are  not. 

It  has  been  the  writer's  experience  that,  in  the  lighter  gauges  of 
metal,  the  corrosion  of  steel,  when  exposed  to  atmospheric  and  soil 
conditions,  is  extremely  rapid,  even  though  the  metal  is  galvanized. 

Much  has  been  heard  lately  of  the  so-called  pure  irons,  which  are 
said  to  resist  corrosion  to  a  marked  degree.  The  advertisements  by 
the  manufacturers  of  these  materials  would  almost  lead  one  to  believe 
that  the  oxidation  of  iron  and  steel  is  a  thing  of  the  past.  On  close 
observation,  one  can  readily  see  that  these  companies  shield  themselves 
behind  a  good  coat  of  galvanizing.  It  has  been  stated  recently  by  a 
representative  of  one  of  the  largest  manufacturers  of  this  so-called 
pure  iron,  which,  in  reality,  is  a  low-carbon  steel  made  in  an  open- 
hearth  furnace,  that  60%  of  their  tonnage  is  galvanized.  The  writer 
does  not  wish  to  give  the  impression  that  the  product  put  out  by 
these  comijanies  is  inferior.  He  does  wish,  however,  to  emphasize  the 
point  that,  in  a  practical  sense,  the  virtue,  or  resistance  of  this  metal 
to  corrosion,  is  due  to  the  galvanized  coating — not  to  the  purity  of 
the  base  metal,  as  represented  in  most  of  these  advertisements.  The 
skill  of  the  press  agents  employed  by  these  manufacturers  is  in  advance 
of  that  of  their  chemists  and  artisans.  It  may  be  said  that  in  the 
defeat  of  corrosion,  purity  in  the  base  metal  is  undoubtedly  desirable, 
but  the  requisite  purity  is  practically  or  commercially  unattainable. 

When  one  studies  the  subject  of  corrosion  from  the  point  of  view 
of  the  electrolytic  theory,  it  is  readily  seen  that  it  is  very  difficult  to 
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Mr.  manufacture,  on  a  commercial  scale,  a  steel  which  is  non-corrodible. 
■  It  is  practically  impossible  to  eliminate  all  impurities ;  it  is  also  difficult 
to  render  the  steel  perfectly  homogeneous.  As  a  result  of  the  dissimi- 
larity in  the  composition  of  the  molecules,  electric  currents  are  set 
up,  under  certain  conditions,  which  decompose  any  water  present  into 
its  constituents,  hydrogen  and  oxygen. 

It  may  be  considered  that  waters  carried  by  wood  stave  pipes  are 
weak  electrolytes,  due  to  the  salts  held  in  solution.  It  must  be 
remembered,  also,  that  ordinary  waters  are  saturated  with  dissolved 
oxygen  and  carry  carbonic  acid  in  solution.  These  waters  also  have 
extremely  variable  degrees  of  alkalinity.  Electrolysis  and  corrosion, 
therefore,  go  hand  in  hand,  ever  tending  to  restore  these  products 
to  the  more  stable  compounds  found  in  Nature. 

The  writer  has  seen  extra  heavy  wrought-iron  pipe,  in  reality  steel 
pipe,  which  was  used  to  carry  Pintsch  gas  to  the  railroad  cars,  rust 
out  completely  in  18  months.  This  pipe  was  laid  in  ashes  in  the 
railroad  yards,  and  the  conditions  for  rapid  corrosion  were  ideal,  the 
pipe  being  buried  in  a  relatively  concentrated  electrolyte.  This  pipe 
failed,  or  rusted  through,  near  the  joints  where  the  mechanics  had 
applied  their  Stillson  wrenches  in  screwing  up  the  pipe,  thereby  break- 
ing the  outer  skin.  This  condition  was  finally  corrected  by  embedding 
the  pipes  in  cement  mortar.  Similar  pipes  in  clay  soil  have  been  in 
use  for  15  years  without  showing  serious  effects  from  oxidation. 

In  the  purification  of  coal  and  water  gas,  hydrated  oxide,  or  iron 
rust,  is  used  to  remove  the  sulphureted  hydrogen.  The  oxide  is  made 
from  cast-iron  filings  or  machine-shop  borings.  The  filings  are  piled 
and  wet  dovsm  with  water,  and  a  small  quantity  of  common  salt  is 
usually  added.  In  a  very  few  hours  great  heat  is  evolved  as  the 
chemical  action  or  oxidation  proceeds.  It  is  necessary  to  control  the 
temperature  of  the  mass,  as  the  efficiency  of  the  final  product  is 
lowered  if  high  temperatures  are  permitted.  This  is  done  by  spreading 
the  oxide  in  thin  layers.  The  mass  is  sprinkled  from  day  to  day  with 
an  ordinary  garden  hose.  It  is  also  turned  over  periodically  so 
as  to  expose  new  surfaces  to  atmospheric  influences.  In  the  course 
of  about  30  days  or  6  weeks  the  oxide  is  ready  for  use.  This  oxide  is 
found  to  be  of  slightly  different  chemical  composition  from  the  ordi- 
nary precipitated  oxide.  It  is  much  cheaper,  however.  The  writer 
cites  the  foregoing  in  order  that  those  not  familiar  with  the  gas 
industry  may  know  how  quickly  the  complete  oxidation  of  iron  may 
take  place. 

It  may  be  stated,  therefore,  that  it  is  not  well  to  fix  arbitrarily  the 
life  of  a  wood  stave  pipe,  at,  say,  from  15  to  25  years,  without  knowl- 
edge of  its  location  and  the  chemical  characteristics  of  the  soils  to 
which  it  may  be  subjected,  as  the  life  may  be  long  or  short,  depending 
on  these  governing  conditions. 
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THE  THREE  15-CUBIC  YARD  DIPPER-DREDGES, 

GAMBOA,  PARAISO,  AND  CASCADAS, 

AS  SUPPLIED  AND  USED  ON  THE  PANAMA  CANAL* 

By  Eay  W.  Berdeau,  Jun.  Am.  Soc.  C.  E. 


With   Discussion   by   Messrs.    Charles   Evan  Fowler,   Arthur   W. 
Manton,  a.  W.  Robinson,  and  William  M.  Rosewater. 


Synopsis. 
The  object  of  this  paper  is  to  place  before  the  Society  the  result 
of  the  writer's  study  of  the  design,  operation,  and  efficiency  of  the 
three  large  15-cu.  yd.  dipper-dredges  supplied  by  the  Bucyrus  Company 
for  use  on  the  Panama  Canal. 


The  15-cu.  yd.  dipper-dredges,  Gamboa  and  Paraiso,  were  requisi- 
tioned by  the  Isthmian  Canal  Commission  as  part  of  the  permanent 
equipment  of  the  Panama  Canal  and  for  immediate  use  in  completing 
the  channel  through  Gaillard  Cut  (formerly  Culebra  Cut).  A 
contract  was  made  with  the  Bucyrus  Company,  which  stipulated  that 
the  dredges  were  to  be  ready  for  towing  to  the  Isthmus  on  December 
1st,  1913,  and  January  1st,  1914.  The  Gamhoa  was  accepted  at  Port 
Richmond,  IST.  Y.,  on  February  16th,  and  the  Paraiso,  on  April 
13th,    1914.      The    Gamhoa    reached    the    Isthmus    on    March    16th, 

*  Presented  at  the  meeting  of  September  19th,  1917. 

Note. — The  author  of  this  paper  is  now  in  the  Military  Service  of  the  United 
States,  and  is  prevented  by  his  duties  from  contributing  a  closing  discussion. 


516 


DIPPER-DREDGES   ON   THE   PANAMA   CANAL 


and  was  placed  in  operation  on  April  4th,  1014,  being  followed  by 
the  Paraiso,  which  arrived  on  May  22d,  and  started  work  on 
June  7th,  1914.  The  total  cost  of  the  two  dredges,  and  the  towing, 
etc.,  was  $573  287.40,  to  which  initial  cost  should  be  added  $3  092.50 
for  the  Gamhoa,  and  $1  78G.21  for  the  Paraiso,  the  respective  amounts 
necessary  to  place  them  in  commission  after  their  arrival. 

These  dredges  operated  so  efficiently  that  the  Isthmian  Canal  Com- 
mission placed  another  contract  with  the  Bucyrus  Company  for  a 
third  dredge,  of  improved  design,  called  the  Cascadas,  which  was 
accepted  at  Port  Richmond,  N.  Y.,  and  successfully  towed  to  the 
Isthmus,  where  it  arrived  on  October  21st,  1915,  practically  2  months 
ahead  of  the  promised  delivery,  and  was  placed  at  work  in  Gaillard 
Cut  on  October  31st,  1915,  at  a  total  cost  of  $376  180. 


GAMBOA  AND  PARAISO 


\< ^14t-0 >| 

.Fig.  1. 
The  following  are  the  principal  dimensions,  etc.,  of  the   Gamhoa 
and  Paraiso : 

Length    of   hull 144  ft.  0  in. 

Beam,  moulded 44    "    0    " 

Depth,  moulded   13    "    6    " 

Draft 8    "    0    " 

Digging  depth,  below  water  line 50    "    0    " 

Displacement   1  730  tons. 

One  main  engine,  two  cylinders,  compound,  16  by  28  by  24  in. 
One  swinging  engine,  two  cylinders,  compound,  12  by  16  in. 
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One  backing  engine,  two  cylinders,  compound,  12  by  16  in. 

Two  forward  spud  engines,  two  cylinders,  compound,  12  by  16  in. 

One  stern  spud  engine,  two  cylinders,  9  by  9  in. 

Two  deck  winches,  two  cylinders,  6  by  6  in. 

Two  boilers,  Scotch  marine  type,  126  in.  diameter,  138  in.  long, 

water  pressure  150  lb. 
Two  forward  spuds,  48  by  48  in.,  and  82  ft.  long. 
One  stern  spud,  30  by  30  in.,  and  83  ft.  6  in.  long. 
Swing  circle,  24  ft.  in  diameter. 
Bail  pull,  235  000  lb. 

Hoisting  pull  on  spud  rope  due  to  engine,  88  000  lb. 
"Pin  up"  pull  on  single  cable,  with  brake  on  engine,  160  000  lb. 
Capacity  of  rock  dipper,  10  cu.  yd. 
Capacity  of  nmd  dipper,  15  cu.  yd. 
Capacity  of  fuel  oil  tanks,  14  200  gal. 

The  displacement  of  the  Cascadas  is  2  095  tons,  and  the  hull  is 
144  ft.  long,  55  ft.  beam,  and  15J  ft.  deep.  Thus,  it  is  11  ft.  wider 
than  the  others,  making  less  reactions  on  the  spuds,  less  metacentric 
variation  when  digging  over  the  sides,  and  it  allows  the  spuds  to  be 
inset.  The  spud-well  construction  differs  from  that  of  the  Gamhoa 
and  Paraiso,  as  their  forward  spuds  are  placed  outside  of  the  hull, 
with  tapering  sponsons  fore  and  aft  to  transmit  the  reactions  to  the 
sides  of  the  hull. 

Buchcts. — The  dredges  were  supplied  with  interchangeable  buckets 
of  two  sizes,  one  with  a  capacity  of  15  cu.  yd.  and  another  of  10  cu. 
yd.,  for  use  in  rock  excavation.  Having  been  placed  in  Gaillard  Cut 
in  rock  digging  exclusively,  the  larger  dippers  have  been  seldom  used; 
the  smaller  ones,  as  supplied  by  the  contractors,  were  of  extra  massive 
construction,  but  were  of  insufficient  strength  to  withstand  the  severe 
use  and  the  impact  from  a  dipper  stick  load  of  131  000  lb.,  and  were 
replaced  later  by  the  Missabe  type  of  cast  manganese-steel  dippers. 
The  over-all  dimensions  of  the  new  dipper  are  lOi  by  9  by  9  ft. ;  the 
lips  are  Z\  in.  thick  at  the  bottom  bands,  and  the  body  consists  of  a 
front  and  back  casting  with  lap-riveted  joints  at  the  sides;  and,  in 
addition,  the  lip  is  a  separate  casting  riveted  to  the  front  piece  and 
joined  thereto  by  the  rivets  of  the  tooth  ribs.  Recently,  the  back 
and  bottom  of  this  dipper  has  been  further  reinforced,  and  the  dipper 
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is  expected  to  give  greater  service  and  satisfaction  than  the  preceding 
models. 

Cables. — The  dippers  are  hung  on  a  275-ft.,  3|-in.,  extra  pliable, 
improved,  plow-steel  wire,  the  center  cable  consisting  of  six  strands  of 
37  wires  each,  intended  to  withstand  a  bail  pull  of  235  000  lb.,  the 
minimum  cable  life  being  3  days  and  the  maximum  35  days.  The 
rapid  deterioration  of  the  cables  is  due  to  the  severe  abrasion  they 
receive  while  at  their  deeper  digging  depths  (from  35  to  50  ft.),  coupled 
with  the  deteriorating  effects  of  their  constant  travel  over  an  under- 
sized point  of  boom  sheave,  which  is  grooved  for  a  wire  rope  3^  in.  in 
diameter  and  is  about  8  ft.  in  diameter  at  the  bottom  of  the  groove. 
The  sheaves  are  of  cast  steel,  with  long,  heavy  cast-steel  hubs,  bronze- 
bushed,  to  distribute  the  pressure  over  the  11-in.  sheave  pins,  pressed 
into  place;  the  cables,  which  are  the  largest  in  use  on  dipper-dredges, 
are  hardly  satisfactory  for  the  service  required,  for  which  the  supplying 
manufacturers  refuse  to  guarantee  them. 

Dipper  Handles. — The  dipper  handles  on  all  the  dredges  are  Y2  ft. 
long,  over  all,  and  are  reinforced  top  and  bottom  with  2  by  12-in. 
bars  and  by  1  by  22-in.  plates  on  both  sides  of  each  dipper  stick.  Long- 
leaf  yellow  pine  is  used  in  the  construction  of  the  sticks,  and  white 
oak  for  deadwood.  The  racks  are  manganese-steel  castings,  with  a 
pitch  of  3  in.,  and  are  about  12  in.  wide.  They  are  shrouded  to  the 
pitch  line,  the  top  of  the  shrouded  portion  being  ground  to  form  a 
rolling  surface  for  similar  shrouding  on  the  rack  pinions.  Heavy  steel 
castings  are  used  to  connect  the  dipper  hinge  frame,  and  similar 
castings  are  used  to  connect  the  dipper  back  braces,  which  are  securely 
bolted  to  the  end  of  the  handle  by  a  large  number  of  2J-in.,  horizontal 
and  vertical  through  bolts.  The  weight  of  the  dipper  handle  is  81  000 
lb.,  its  life  averaging  about  6  months,  that  of  the  rebuilt  handles 
being  3  months. 

Saddle-Bloch. — The  innovation  in  the  design  of  the  saddle-block  has 
proved  as  useful  as  it  is  interesting.  The  slide  plate  is  separated  into 
two  parts  for  assembling  on  the  flanged  shipper-shaft,  leaving  a  passage 
in  the  middle,  which  permits  the  main  hoist  cable  to  run  in  a  straight 
line  from  the  foot  to  the  point  of  the  boom  sheave.  This  eliminates 
the  usual  hump  sheave,  which  is  generally  placed  near  the  upper  end 
of  the  boom  and  is  necessary  on  other  dredges  to  lift  the  single-hoist 
cable  clear  of  the  saddle-block. 
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The  heavy  unit  construction  facilitates  the  guiding  and  holding 
of  the  dipper  handle  in  a  much  more  secure  manner,  and  improves 
the  meshing  of  the  racks  on  the  dipper  handles  with  the  pinions  of 
the  9^-in.  hollow,  nickel-chrome-steel,  shipper-shaft,  at  times  to  such 
an  extent  that  the  teeth  are  stripped  from  them  both.  By  building  a 
heavier  bucket,  the  dipper  handle,  saddle-block,  shipper-shaft,  and 
hoisting  arrangement  offer  opportunity  for  improvement  in  design,  in 
that  the  dipper  stick  would  be  stronger  if  it  was  made  of  one  piece, 
two  main  hoisting  cables  being  used,  running  on  each  side  of  the 
dipper  handle,  thereby  increasing  the  life  of  the  hoisting  cable  and  also 
the  dipper  stick.  This  dipper  stick  at  times  becomes  bowed,  and,  due 
to  the  sliding  fit  with  the  saddle-block,  necessitates  immediate  re-align- 
ment; this  could  be  obviated  if  a  rolling  fit  was  presented,  the  rollers 
being  supplied  with  bearings  under  compression.  The  shipper-shaft 
bearings,  which  are  bolted  to  the  top  chord  of  the  boom,  project  so 
that  the  flanges  of  the  brake  wheels,  which  are  built  of  steel  castings 
75  in.  in  diameter  with  a  12-in.  face  and  bolted  to  the  flanges  on 
each  end  of  the  shipper-shaft,  engage  the  bearing  boxes  when  lifted 
for  removal,  making  an  extended  operation  of  changing  the  shipper- 
shaft.  The  brakes  are  of  the  double-acting  type,  and  are  actuated  by 
a  steam  thrust-cylinder,  the  steam  valve  of  which  is  controlled  by  a 
floating  lever  and  operated  by  a  hand-lever  on  the  craneman's  platform. 
Booms. — The  booms  on  these  dredges  are  62  ft.  long,  of  the  plate- 
girder  type,  with  curved  top  and  bottom  chords.  All  parts  of  these 
booms  are  supposed  to  be  of  ample  section  to  withstand  developed 
stresses,  which,  due  to  the  heavy  type  of  work,  have  been  such  as  to 
necessitate  reinforcement  of  the  different  booms  that,  with  complete 
machinery,  weigh  113  000  lb.  They  are  equipped  with  a  steam-operated 
boom  brake,  steam  shipper-shaft  brakes,  and  a  steam  dipper-trip,  the 
cylinder  of  which  is  mounted  above  the  foot  of  the  boom,  and  is 
connected  with  the  latch  bar  on  the  dipper  by  an  endless  Avire  rope, 
the  circuit  beginning  at  the  upper  end  of  the  dipper  handle,  leading 
around  the  sheave  on  the  stand  just  below  the  shipper-shaft,  and 
thence  around  the  sheave  attached  to  the  cross-head  of  the  steam 
dumping  cylinder,  which  permits  dumping  in  any  position.  The  boom 
feet  are  of  heavy  steel  castings,  with  webs  and  flanges  of  such  length 
as  to  permit  adequate  riveting.  The  boom  is  stepped  into  a  steel 
casting  pivot,  formed  with  sockets  to  receive  the  boom  feet;  the  pivot 
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rotates  on  a  heavy  cast-steel  base  plate,  securely  bolted  to  the  hull, 
with  its  flanges  extending  over  the  front  of  the  hull.  The  pintle  is 
bronze-bushed,  and  has  a  bronze  wearing  plate  or  washer  between  the 
boom  step  collar  and  the  base  plate,  and  another  bronze  bushing  and 
wearing  plate  is  used  between  the  base  plate  and  the  center  casting 
of  the  saving  circle. 

Main  Engines. — The  main  engines  are  specified  to  work  at  a  steam 
pressure  of  135  lb.  while  condensing.  They  are  of  the  horizontal,  twin- 
tandem,  compound  type,  with  16  and  28-in.  cylinders  and  24-in. 
stroke,  mounted  on  heavy  self-contained  cast-iron  bed-plates  of  the 
Tangye  pattern.  The  crank  shaft  is  of  forged  steel,  12  in.  in  diameter, 
with  journals  9:i  in.  in  diameter  and  14  in.  long,  and  with  screw- 
adjusting  bearings.  The  connecting  rods,  valve  stems,  and  the  adjust- 
able bronze-shoed  cross-heads  are  of  steel,  finished  and  arranged  for 
taking  up  wear.  The  link  motion  and  reverse  gears  are  omitted  on 
the  Cascadas,  and  are  replaced  by  a  steam  turning  gear,  comprising 
a  steam  reversing  engine  geared  to  the  craixk  shaft  with  a  releasing 
jaw  clutch  operated  from  the  engine-room.  The  low-pressure  cylinders 
have  piston  valves  working  in  renewable  cast-iron  valve  cages,  a 
stuffing-box  being  incorporated  between  the  high  and  low-pressure 
cylinders.  The  eccentric  bearings  of  the  Cascadas  are  larger  than  those 
of  the  Gamhoa  and  Paraiso,  and  the  Cascadas  is  equipped  with  an 
overhead  15-ton  traveling  crane. 

Hoisting  Drum  and  Gears. — The  hoisting  drum  is  of  the  differential 
type;  is  of  cast  steel,  and  is  bushed  with  bronze.  The  small  diameter 
is  69  in.  and  the  large  diameter  is  84  in.  at  the  bottom  of  the  grooves, 
which  are  for  3i-in.  wire  cable.  The  drum  is  mounted  loose  on  the 
16-in.,  forged-steel,  main  hoisting  shaft,  having  journals  llf  in.  in 
diameter  and  18  in.  long.  Power  is  applied  to  the  drum  by  two 
outside,  wood-lined,  band  frictions,  one  on  each  side  of  the  drum, 
both  operated  by  a  single  steam  cylinder.  14  in.  in  diameter,  placed 
at  one  end  of  the  drum  shaft  and  attached  to  a  thrust  spindle  passing 
through  the  center  of  the  shaft.  The  drum  is  of  the  usual  type 
supplied  by  the  Bucyrus  Company  on  its  dredges,  and  has  a  barrel- 
like shape,  which  permits  the  maximum  digging  force  and  the  slowest 
speed  when  the  dipper  is  excavating  and  the  angle  between  the  hoisting 
rope  and  the  dipper  handle  is  sharpest;  as  the  rope  is  wound  on  the 
larger  diameter,  the  dipper  is  hoisted,  allowing  any  desired  increase 
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of  hoisting  speed  when  the  maximum  bail  pull  is  not  required.  The 
diameter  of  the  drum  could  be  increased,  which  would  reflect  in 
length  of  cable  life.  The  drum  is  driven  by  two  heavy  spur-gears, 
12  ft.  in  diameter,  one  on  each  side,  meshing  with  the  corresponding 
pinion  of  the  intermediate  shaft.  The  gear  hubs  next  to  the  bearings 
are  lined  with  bronze.  The  intermediate  shaft  is  driven  from  the 
crank  shaft  through  a  single  gear,  which  has  steel  castings  rim-bolted 
to  a  heavy  cast-steel  spider  arranged  for  rim  replacements  without 
stripping  the  shaft.  The  intermediate  gear  rim  is  split  for  easy  removal 
and  replacements,  and,  like  the  pinion  on  the  crank  shaft,  has  cut 
teeth.  The  intermediate  shaft  is  bolted  directly  on  the  engine  bed- 
plates; the  bed-plate  also  contains  the  drum-shaft  bearings,  and  is 
of  cast  steel,  forming  an  extension  of  the  engine  bed-plate,  and  is 
securely  bolted  to  it  and  the  structural  base  built  into  the  hull. 

Swinging  Circle  Machine  and  Guide-Sheaves. — The  swinging  circle 
is  of  structural  steel,  24  ft.  in  diameter,  and  mounted  on  top  of  the 
hull  truss;  connection  is  made  to  the  boom  with  two  heavy  built-up 
girders,  extending  out  from  the  circle,  one  on  each  side  of  the  boom. 
The  center  is  a  heavy  steel  casting,  securely  bolted  to  the  circle,  and 
has  an  I-beam  rim  reinforced  with  i-in.  plates,  the  jaws  being  fastened 
to  the  boom  at  the  forward  ends.  Changes  have  been  effected  in  the 
rope  anchorage  of  the  dredges  by  making  the  swing  rope  around  the 
circle  in  four  separate  pieces  with  open  socket  connections,  which 
renders  complete  stripping  unnecessary  when  the  rope  is  changed. 
Two  42-in.  cast-steel  sheaves,  on  top  of  the  hull  truss,  grooved  for 
a  2-in.  rope,  and  complete  with  shaft  bearings  and  4i-in.  sheave  pins, 
are  supplied  for  guiding  the  swing  rope  from  the  circle  to  the  swinging 
drum.  The  swinging  machinery  is  operated  by  an  independent  double 
engine,  with  12-in.  cylinders  and  16-in.  stroke,  and  reversing  link 
gear.  The  engine  and  drum  are  mounted  on  heavy  structural  steel 
bases  built  into  the  hull,  and  the  links  are  reversed  by  the  steam  thrust- 
cylinder  controlled  by  the  lever  which  operates  the  throttle. 

Baching  Engine. — The  backing  engine  and  drum  are  mounted  on 
a  structural  steel  base  built  into  the  hull,  and  the  drum  is  operated 
by  a  separate  12  by  16-in.,  double,  non-reversing  engine.  The  cast-steel 
drum  (26  in.  pitch  diameter)  is  driven  by  an  outside-band  friction 
clutch,  actuated  by  a  steam  thrust-cylinder,  5  in.  in  diameter,  and 
carries  a  2-in.   steel  rope.     The  diameter  of  this  drum  is  too  small. 
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as  it  breaks  the  strands  of  the  cable,  prevents  proper  reeling,  and  causes 
plack  on  the  drum,  which  prohibits  uniform  backing  of  the  bucket. 
The  gear  reduction  between  the  crank  and  the  7-in.  drum  shaft  is 
single,  and  a  band  brake  prevents  the  running  out  of  the  rope. 

Forward  Spud  Machinery. — Each  forward  spud  is  operated  by  an 
independent,  double,  12  by  16-in.  engine,  with  link  motion  reverse, 
which  is  operated  by  a  steam  thrust-cylinder  controlled  by  the  lever 
which  operates  the  throttle  valve.  The  spud  drums  are  42  in.  in  diam- 
eter and  are  grooved  for  2:f-in.  wire  rope.  The  Cascadas  is  "pinned  up" 
and  the  spuds  are  lifted  by  a  2|-in.  wire  rope  passing  around  the  four 
sheaves  at  the  top  of  each  spud;  the  pinning-up  ropes  are  similar  to 
those  on  the  Gamhoa  and  Paraiso,  but  the  spud  hoist  ropes  run  over 
sheaves  which  are  on  a  gantry  mounted  near  the  spud  casings  and 
extending  above  the  highest  position  of  the  spuds. 

The  Bucyrus  Company  has  developed  a  big  improvement  in  this 
design,  as  it  dispenses  with  the  sheaves  at  the  lower  end  of  the  spuds, 
where  the  wire  ropes  are  quickly  cut  by  the  sharp  stones  found  in 
the  rock  excavation  in  "the  Cut."  Wood-lined  band-brakes,  operated 
by  a  steam  cylinder,  are  supplied  to  hold  the  dredge  when  "pinned-up", 
and  the  spud  tackle  rope  is  taken  up  by  four  parts  of  rope.  Each 
spud  engine  is  connected  to  its  drum  by  double  reduction  gearing 
of  cast  steel;  and  a  suitable  friction  clutch,  operated  by  a  steam 
thrust-cylinder,  is  provided  to  disconnect  the  drum  from  the  engine, 
allowing  the  dredge  to  rise  and  fall  with  the  tide  when  not  in  use. 
The  spud  drum  machinery  and  engines  are  supported  by  a  heavy 
structural  steel  frame  built  into,  and  set  far  enough  from  the  side 
of,  the  hull  to  permit  ready  access  to  the  spud  machinery  on  the 
outboard  side  of  the  foundation.  The  sheaves  guiding  the  spud 
ropes  to  the  drum  have  a  pitch  diameter  of  45  in.,  are  cast  steel, 
bushed  with  bronze,  and  have  annealed,  forged-steel,  sheave  pins.  The 
stern  spud  machinery  is  arranged  for  a  trailing  spud  that  is  hoisted  . 
by  rack  and  pinion,  through  two  gear  reductions,  by  a  9  by  9-in., 
double  engine,  placed  on  and  operated  from  the  deck,  at  the  stern  of 
the  dredge.  The  intermediate  shaft  is  fitted  with  a  band-brake,  to 
hold  the  spud  in  its  proper  position,  and  carries  a  jaw  clutch  for 
disconnecting  the  drum  from  the  shaft  and  the  engine.  The  stern 
spud  is  of  structural  steel,  30  by  30  in.  and  S3  ft.  5  in.  long,  and 
is  held  in  place  by  a  sliding-fit  arrangement  somewhat  similar  to  that 
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of  the  saddle-block.  This  creates  the  necessity  of  immediate  re-align- 
ment when  the  spud  becomes  slightly  bowed.  The  forward  spuds  are 
of  structural  steel,  48  by  48  in.  and  72  ft.  long,  with  8  by  8  by  |-in. 
corner  angles,  |-in.  side  plates,  and  suitable  diaphragms,  those  of  the 
Cascadas,  as  mentioned,  having  all  sheaves  at  the  top  of  the  spud.  As 
heavy  as  they  are,  these  spuds  have  to  be  removed  every  90  days,  three 
being  broken  in  as  many  days,  in  one  case. 

Deck  Fittings. — On  the  main  deck,  outside  of  the  house,  there  are 
two  three-drum  winches,  which  are  used  for  moving  scows,  and  are 
equipped  with  internal  driving  engines.  Each  engine  is  of  the 
horizontal  type,  and  has  two  6-in.  cylinders  with  6-in.  stroke ;  the  throttle- 
valve  is  in  the  main  steam  chest,  and  also  acts  as  a  reversing  valve. 
The  drums  are  steel  castings,  bushed  with  bronze,  with  24-in.  barrels 
12  in.  long,  and  equipped  with  friction  clutches  of  the  outside-band 
type,  as  well  as  band-brakes.  There  are  ten  double  mooring  bits, 
ten  single  deck  spools,  and  sixteen  deck  chocks. 

Boilers  and  Fittings. — Steam  is  provided  in  the  Cascadas  by  a 
battery  of  three  boilers  of  the  Scotch  marine  type,  arranged  so 
that  any  two  boilers  can  be  used  at  one  time,  the  third  one  being 
a  spare,  permitting  of  blowing  down  without  tying  up  the  dredge, 
this  being  an  additional  boiler  to  the  two  supplied,  respectively,  to 
the  Ganiboa  and  Faraiso.  The  boilers  are  constructed  for  a  working 
pressure  of  150  lb.  per  sq.  in. ;  each  is  supplied  with  two  Morrison 
suspension  furnaces,  and  is  equipped  with  marine  pop  safety-valves, 
stop  valves,  pressure  gauges,  blow-off  cocks,  etc.  The  stack  is  double, 
and  about  50  ft.  high  above  the  tops  of  the  boilers.  One  surface 
condenser  is  supplied,  having  approximately  1  500  sq.  ft.  of  cooling 
surface,  together  with  an  independent  air  pump  and  a  10-in.  brass- 
runner,  centrifugal,  circulating  pump,  driven  by  a  separate  engine. 
One  300-h.p.,  feed-water  heater  of  the  closed  type  and  two  7  by  4^ 
by  8-in.  brass-fitted,  horizontal,  duplex,  boiler  feed-pumps  are 
provided,  also  a  similar  pair  for  general  service,  one  fresh-water, 
44  by  2|-in.,  horizontal  pump,  one  12  by  6  by  12-in.,  horizontal, 
duplex,  brass-fitted  pump,  and  a  bilge  pump  for  each  compart- 
ment. The  piping  system  is  very  complete,  each  line  having 
a  stop-valve  to  cut  it  off  from  the  boiler  or  main,  so  that  repairs 
can    be    made    at    any    time    without    shutting    down    the    system. 
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All  the  large  pipes  are  flanged,  and  the  steam  fittings  for  200  lb. 
pressure  and  exhaust  fittings  for  125  lb.  are  extra  heavy. 

TanliS. — There  are  four  steel  fresh-water  tanks  in  the  stern  of  the 
hull ;  two  of  30  000  gal.  capacity  are  supplied  for  boiler-feed  purposes, 
on  the  port  and  starboard  sides,  respectively.  There  is  an  8  000-gal. 
tank  on  the  port  side  for  galley  use  and  a  duplicate  tank  on  the  star- 
board side  for  ballast  and  trimming.  There  are  two  18  000-gal.  oil 
tanks  in  the  hull  forward  of  the  boiler,  one  on  each  side  of  the  dredge, 
and  two  oil-feed  pumps  are  used  to  supply  oil  to  the  boilers. 

Electric  Light  Plant. — Two  10-k.w.,  110-volt,  direct-current  gener- 
ators, each  connected  directly  to  a  vertical,  automatic  engine,  are 
provided  for  lighting  the  dredge,  operating  the  house  lights,  the  search- 
light, and  the  lights  used  in  night  dredging. 

House  and  Cabin  Construction. — The  main  deck  house  is  108  ft. 
long  and  41  ft.  wide  from  the  front  end  to  Frame  48  (about  95  ft.), 
and  30.4  ft.  from  Frame  48  to  the  after  end.  The  height  is  about  17  ft. 
for  a  distance  of  18  ft.  from  the  bow  end,  and  15  ft.  throughout  the 
remaining  length.  The  upper  deck  over  the  house  is  112  ft.  long  and 
44  ft.  wide  throughout,  projecting  6  ft.  9  in.  over  the  lower  deck 
house  on  all  sides.  Quarters  are  supplied  for  11  "gold"  (white)  Amer- 
ican employees  and  57  "silver"  (colored)  employees.  Three  officers' 
staterooms  have  hot  and  cold-water  service,  one  berth  and  single  wall 
lockers.  All  other  staterooms  are  fitted  with  double,  wooden,  built-in 
berths,  with  two  drawers  and  lockers  under  each  lower  berth,  double, 
wooden  wall  lockers,  and  wash-basins  with  hot  and  cold  water.  The 
galley  and  dining-room  are  amidships,  between  the  "gold"  and 
"silver"  quarters;  in  the  latter,  thirty-eight  standee  bunks  with  canvas 
bottoms,  and  thirty-eight  sanitary  steel  lockers  are  supplied.  There 
is  also  separate  modern  bath  and  toilet  service  on  the  main  deck  for 
both  "gold"  and  "silver"  men. 

The  Hull. — The  hull  of  each  dredge  is  of  steel.  The  Cascadas  is 
144  ft.  long  over  all,  55  ft.  wide,  and  has  a  mean  depth  of  14  ft.  6  in. 
(15  ft.  6  in.  at  bow  at  center,  and  13  ft.  6  in.  at  stern  at  center),  with 
a  straight  taper  fore  and  aft.  The  deck  has  a  6-in.  camber  made 
by  straight  lines  from  the  center  to  each  side. 

Operation. — All  three  dredges  are  15-cu.  yd.  machines,  built  by 
the  Bucyrus  Company,  in  the  United  States,  and  have  been  working 
until  recently  in  Gaillard  Cut  of  the  Panama  Canal.     The  material 
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TABLE  1. — Monthly  Performance  of  Dredge  Gamhoa. 


Date. 


1914 

Apr 

May 

June*. . . 

July 

Aug: 

Sept 

Oct 

Nov 

Dec 

1915 

Jan 

Feb 

Mar 

Apr 

May 

June* . . . 

July 

Aug 

Sept 

Oct 

Nov 

Dec 

1916 

•Jan 

Feb 

Mar 

Apr 

Afay 

June* . . . 

July 

Aug 

Sept 


Cubic  yards. 


32  805 
108  185 
123  199 
108  896 
121  850 
111  355 
187  060 
140  905 
166  092 


178  370 
149  554 
207  870 
168  725 
165  720 
108  725 
171  370 
199  425 
280  550 
249  515 
260  845 
266  470 


232  855 
293  230 
304  006 
263  275 
271  235 
304  450 
320  190 
129  210 
150  175 


Cost  of 
operation. 


$4  446.82 
7  365.53 

6  764.68 

7  441.27 
7  002.58 

6  561.27 

7  377.96 

7  612.19 

8  147.03 


7  823.27 

6  308.69 

7  425.32 
7  003.25 
7  599.38 
7  075.09 

7  376.09 

8  102.46 
8  263.33 

7  610.10 

8  280.17 
8  877.27 


7  515.06 
9  103.00 
9.241.50 

8  896.18 

8  638.56 

9  127.41 
9  448.95 

6  221.29 

7  748.87 


Cost  of 
maintenance. 


UO  798.18 
16  165.11 
24  279.25 
21  148.06 
14  772.77 
12  238.25 
9  015.69 
8  902.44 
12  997.82 


14  351.67 

8  939.04 

9  643.36 

10  593.31 

11  839.11 

11  332.41 
9  421.10 

12  111.33 

8  455.81 
14  612.47 
10  431.38 

9  624.75 


8  590.39 
10  0.56.95 
10  790.25 
10  460.12 

a  996.67 
12  003.65 

9  055.02 
8  046.99 
8  238.84 


Total  cost. 


515  245.00 
23  530.64 
81  043.93 
28  589.33 
21  775.35 
18  799.52 
16  393.65 
16  553.81 
21  144.85 


22  147.94 

15  247.73 
17  068.68 

17  596.56 

19  438.49 

18  407.50 

16  797.19 

20  213.79 
16  719.14 
22  222.57 
18  711.55 
18  502.03 


16  105.45 

19  159.95 

20  031.75 
19  856.30 

17  635.23 

21  131.06 

18  503.97 

14  267.78 

15  987.71 


Cost 
per  yard. 


$0.4647 
0.2175 
0.2519 
0.2625 
0.1787 
0.1688 
0.1205 
0.1174 
0.1274 


0.1244 
0.1020 
0.0821 
0.1043 
0.1173 
0.1091 
0.0980 
0.1014 
0.1)596 
0.0891 
0.0717 
0.0694 


0.0692 
0.0653 
0.0695 
0.0735 
0.0650 
0.0694 
0.0578 
0.1108 
0.1063 


YARD.A.GE  Excavated  by  Fiscal  Years. 

July  1st,  1913,  to  July  1st,  1914. 

264  189 

$69  819.57 

$0.3021 

July  1st,  1914,  to  July  1st,  1915. 

1  825  122 

233  190.41 

0.1278 

July  1st,  1915,  to  July  1st,  1916. 

3  097  226 

226  586.01 

0.0731 

July  1st,  1916,  to  October  1st,  1916. 

599  575 

48  759.46 

0.0713 

End  of  fiscal  year. 
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TABLE  2. — Monthly  Performance  of  Dredge  Paraiso. 


Date. 


1914 
June*  . . . 

July 

Aug 

Sept 

Oct 

Nov 

Dec 

1915, 

Jan 

Feb 

Mar 

Apr 

May 

June* . . . 

July 

Aug 

Sept 

Oct 

Nov 

Dec 

1916, 

Jan 

Feb 

Mar 

Apr 

May 

June* 

July 

Aug 

Sept 


Cubic  yards. 


69  8ia 
82  203 
95  475 
105  470 
125  605 
139  916 
144  165 


176  862 
172  057 
134  030 
204  250 
184  510 
174  685 
170  060 
203  815 
220  940 
291  675 
262  925 
312  920 


195  515 
236  235 
299  155 

232  365 
306  435 
272  064 

233  930 
315  915 
268  250 


Cost  of 
operation. 


$9  002.69 

5  717.11 

6  728.67 

7  236.62 
7  380.00 
7  938.98 
7  824.00 


8  111.45 

5  617.64 

6  395.02 

7  410.48 
7  239.92 

7  880.58 

8  003.89 
8  064.34 

7  280.87 

8  859.52 
S  740.54 

9  716.54 


7  295.94 

8  710.18 

9  099.70 
8  887.67 

8  649.36 

9  115.15 
6  418.34 
9  823.62 
8  921.49 


Cost  of 
maintenance. 


$11  4.58.21 

10  321.48 

20  155.38 

17  889.63 

9  644.65 

15  110.36 

12  371.43 


11  380.86 
9  310.49 

8  740.37 

9  274.15 
10  889.73 

8  855.95 

9  970.81 
10  748.12 
10  986.89 
15  502.24 

9  193.33 
10  153.78 


8  587.49 
11  975.35 
11  323.76 
10  153.90 

10  871.43 

11  275.58 
7  192.01 

12  505.83 

9  029.42 


Total  cost. 


$20  460.90 
15  938.59 
26  884.05 
25  126.25 
17  024.65 
23  091.19 
20  195.43 


19  492.31 
13  938.13 

15  135.39 

16  684.63 
18  129.65 

16  766.53 

17  974.70 

18  813.46 

18  367.76 
32  361.76 
17  933.87 

19  870.32 


15  888.43 
20  685.53 
30  433.46 
19  040.57 

19  520.79 

20  390.73 
13  610.35 
22  329.45 
17  950.91 


Cost 
per  yard. 


$0.2931 
0.1939 
0.2816 
0.2382 
0.1355 
0.1650 
0.1401 


0.1102 
0.0868 
0.1129 
0.0817 
0.0983 
0.0960 
0.1057 
0.0923 
0.0827 
0.0767 
0.0683 
0.0635 


0.0812 
0.0876 
0.0683 
0.0819 
0.0637 
0.0749 
0.0581 
0.0714 
0.0689 


Yardage  Excavated  by  Fiscal  Years. 


July  1st,  1913,  to  July  1st,  1914  : 

69  812 

$30  460.90 

$0.2931 

July  1st,  1914,  to  July  1st,  1915  : 

1  739  228 

328  396.80 

0.1313 

July  1st,  1915,  to  July  1st,  1916  : 

3  004  104 

231  165.38 

0.0769 

July  1st,  1916,  to  October  1st,  1916  : 

818  095 

53  890.71 

0.0658 

*  End  of  fiscal  year. 
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TABLE  3. — Monthly  Performance  or  Dredge  Cascadas. 


Date. 


1915 

Oct 

Nov 

Dec 

1916 

Jan 

Feb 

Mar 

Apr 

May 

June*. . . 

July 

Aug 

Sept 


Cubic  yards. 


695 
296  280 
321  065 

292  675 
330  605 
309  125 
246  786 
316  770 
286  491 
340  185 
203  967 
122  504 


Cost  of 
operation. 


8427.10 
9  371.94 
9  961.47 

9  054.96 
8  9S2.54 
8  796.39 
8  649.02 

8  848.07 

9  171. .57 
9.383.79 
8  135.09 
6  864.80 


Cost  of 
maintenance. 


$10  056.25 
10  221.35 

10  769.15 
9  939.51 
10  723.06 
10  775.53 
10  818.53 
9  995.13 
10  244  25 
9  481.83 
5  367.74 


Total  cost. 


$427.10 

19  428.19 

20  182.82 

19  824.11 

18  922  05 

19  519.45 
19  424.55 
19  666  60 
19  166.70 
19  628.04 
17  616.92 
12  232.54 


Cost  per  yard. 


$0.6145 
0.0656 
0.0628 

0.0677 
0.0573 
0.0632 
0.0787 
0.0621 
0.0669 
0.0577 
0.0862 
0.0987 


Yardage  Excavated  by  Fiscal  Years. 

July  1st,  1915,  to  July  1st,  1916. 

2  400  492 

$156  561.57 

$0.0651 

July  1st,  1916,  to  October  1st,  1916. 

666  656 

49  477  50 

0.0742 

*  End  of  fiscal  year. 

excavated  consisted  of  hard  and  soft  rock,  to  a  depth  of  from  35  to  47 
ft.  When  the  scows  are  moored  on  the  port  side  of  the  dredge,  their 
loading  is  sometimes  handicapped  by  the  inadequate  view  obtained  by 
the  operator  while  he  works,  as  direct  vision  of  the  mid-scow  pockets  is 
obstructed  by  the  structural  frame  supporting  the  boom  and  the  port 
forward  spud;  these  pockets,  when  empty,  necessitate  the  lowering  of 
the  bucket  into  the  pocket,  so  that  the  spoil  when  dumped,  will  not 
damage  the  bottom  doors.  An  arrangement  of  an  ordinary  mirror, 
about  24  by  14  in.,  on  the  operator's  right  helps  to  a  certain  extent, 
but,  as  the  scow  in  the  view  does  not  appear  quite  natural,  the  scow 
strong  backs  suffer.  Reflecting  mirrors  could  be  arranged  to  give  a 
direct  full  view  of  the  loading  section,  thereby  enabling  quicker 
operation.  The  Gamboa  and  Paraiso  assisted  in  raising  the  drill  barge. 
Teredo — which  was  blown  up  and  sunk  in  the  channel  at  the  foot  of 
Cucaracha  Slide  on  July  20th,  1914 — by  attaching  the  main  hoist 
cables  to  slings  and  raising  the  wreck.     Tables  1,  2,  and  3  give  the 
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yardage  of  the  respective  dredges,  Gamhoa,  Paraiso,  and  Cascadas, 
and  the  material  placed  in  scows  alongside  the  dredges.  The  accom- 
panying costs  include  operation,  that  is,  wages  of  crew,  subsistence 
of  crew,  fuel,  and  lubricants,  maintenance,  that  is,  the  cost  of  keeping 
the  equipment  in  first-class  physical  condition,  and  depreciation  only. 
Extra  hea\"y  10-yd.  manganese-steel  dippers  were  used  on  this  work, 
the  dredges  working  continuously  in  three  8-hour  shifts,  under  the 
charge  of  the  Resident  Engineer,  W.  G.  Comber,  M.  Am.  Soc.  C.  E., 
and  the  Superintendent  of  Dredging,  Mr.  James  Macfarlane. 


discussion:   DIPPEE-DREDGES   on   the   PANAMA   CANAL        529 

Discussioisr 


Charles  Evan  Fowler*  M.  Am.  Soc.  C.  E. — There  has  been  no  Mr. 
other  kind  of  engineering  design  in  which  the  practical  problems  have  **^  ^'^' 
had  larger  scope  than  in  that  of  dredges  of  all  kinds,  and  particularly 
is  this  true  of  the  design  of  dipper-dredges.  For  many  years  the 
speaker,  as  chief  and  consulting  engineer,  has  been  connected  with  the 
dredging  of  a  vast  quantity  of  material  in  the  Pacific  Northwest.  This 
material  has  consisted  of  a  greater  percentage  than  usual  of  hardpan 
and  cemented  gravel,  which  is  harder  to  dig  than  many  kinds  of  soft 
rock,  and  offers  greater  resistance,  for  all  parts  of  dredging  machinery, 
than  any  material  of  which  the  speaker  is  aware. 

Some  years  ago,  in  building  a  dredge  for  digging  this  material, 
the  machinery  complete  was  purchased  for  a  7-yd.  dipper  plant,  and. 
as  the  time  in  which  to  assemble  the  dredge  was  short,  it  was  momited 
on  an  old  clam-shell  dredge  hull,  50  by  100  ft.,  and  the  compound 
engines  on  this  were  used  as  swinging  engines  by  connecting  them 
to  the  turn-table  with  double  wire  rope  blocks.  Many  other  makeshifts 
had  to  be  used,  but,  after  the  rush  work  was  completed,  a  new  wooden 
hull  was  built,  which  was  40  by  100  by  11  ft.,  and  proved  to  be  none 
too  large  for  dredging  of  this  class.  There  is  nothing  more  important 
than  having  a  hull  with  sufficient  beam  for  side  digging,  to  take  the 
load  off  the  spuds,  and,  of  course,  the  hull  must  be  of  such  length 
that  it  will  not  rise  out  of  the  water  at  the  stern  when  digging  hard 
material  or  when  digging  with  a  large  dipper.  It  will  readily  be  seen 
from  this  that  the  first  two  Panama  dredges,  which  had  a  beam  of  only 
44  ft.,  were  too  narrow,  and  it  was  certainly  a  wise  change  to  make 
the  Cascadas  of  55  ft.  beam. 

Even  when  ordinary  conditions  as  to  getting  steel  prevail,  the 
speaker  has  found  many  advantages  in  building  wooden  hulls,  inasmuch 
as  it  is  often  necessary  to  cut  through  the  hull  for  various  purposes, 
or  to  make  various  connections  to  it,  all  of  which  can  be  more  readily 
done  with  a  wooden  hull.  Then,  again,  a  wooden  hull  is  more  easily 
repaired  than  a  steel  hull,  and  the  speaker  knows  of  wooden  hulls  which 
are  30  years  old,  are  still  in  use,  and  are  giving  good  service.  How- 
ever, such  hulls  must  be  properly  built,  so  as  to  have  sufficient  strength 
and  stiffness  and  plenty  of  air  space;  and,  in  salt  water,  they  must 
be  properly  constructed  for  protection  against  the  teredo.  Under 
present  conditions,  the  speaker  thinks  that,  for  all  classes  of  dredges, 
hulls  constructed  of  reinforced  concrete  would  be  cheaper  than  either 
wood  or  steel,  and  in  many  cases  preferable.  Many  recent  dredges  of  all 
types  have  been  constructed  with  steel  hulls,  and  some  have  been  used 
on  work  with  which  the  speaker  has  been  connected,   these   dredges 
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Mr.  also  having  steel  spuds  and  everything  of  the  most  substantial  con- 
^<'^''«'"-  struction. 

No  matter  how  exactly  everything  has  been  figured  out  for  dipper- 
dredges,  especially  as  regards  the  boom  and  dipper  handles,  it  will 
be  found  that  it  is  necessary,  almost  immediately,  to  begin  re-driving 
rivets  and  reinforcing  the  sections ;  therefore,  it  would  seem  to  be  only 
a  matter  of  precaution  to  assume  that  the  loads  which  cannot  be 
figured  should  be  taken  care  of  by  at  least  doubling  the  calculable 
stresses  for  loads  suddenly  applied.  The  dippers  are  the  most  frequent 
sources  of  trouble,  and  have  to  be  reinforced,  particularly  on  the  front 
and  around  the  nose.  The  same  thing  happens  with  almost  all  the 
clam-shell  buckets  of  standard  design,  as  it  is  usually  necessary,  not 
only  to  increase  the  weight  of  the  shells,  but  of  all  the  pins  and 
bearings  as  well.  With  reference  to  sheaves,  it  has  been  the  speaker's 
practice  to  make  them  as  large  as  reasonably  possible,  in  order  to 
lengthen  the  life  of  the  wire  ropes,  and  to  provide  them  with  very  large 
pins  and  boxes  in  order  to  avoid  cutting  the  bearings. 

The  discussion  on  this  paper  has  brought  out  the  fact  that  there 
is  grave  doubt  as  to  whether  compound  engines  are  desirable  for 
dipper  machines,  and  there  is  certainly  no  point  about  dredge  design 
about  which  the  purchaser  should  be  more  certain  as  to  capacity 
than  in  the  boilers  and  engines.  The  speaker  has  found  it  very  satis- 
factory to  check  up  the  engines  by  Seaton's  formula,  which  gives  very 
close  to  the  actual  indicated  horse-power,  although  it  very  often  calls 
for  an  engine  of  much  larger  size  for  the  required  horse-power  than 
would  be  offered  by  an  engine  builder. 

For  nearly  twenty  years  the  speaker  has  operated  fleets  of  dredges, 
comprising  all  the  different  types,  and  it  is  largely  a  matter  of  judg- 
ment as  to  the  type  which  should  be  used  in  any  particular  work. 
The  plant  of  the  United  Dredging  Company,  for  which  the  speaker  is 
at  present  acting  as  Consulting  Engineer,  comprises  suction  hopper 
sea-going  dredges;  regular  suction-dredges  of  the  largest  type;  suction- 
dredges  which  are  provided  with  propellers  for  going  from  one  job  to 
another  under  their  own  steam;  dipper-dredges;  and  large  clam-shell 
dredges.  This  gives  the  necessary  variety  to  handle  work  of  all  kinds 
in  the  United  States,  Alaska,  Mexico,  Hawaii,  and  abroad. 

The  discussion  has  also  brought  out  the  fact  that  the  cost  given  in 
the  paper  does  not  cover  the  cost  of  the  disposal  of  the  material,  and 
this  should  be  very  strongly  emphasized  in  the  paper  before  its  final 
publication,  as  it  is  very  important  to  have  dump-scows  of  proper 
number  and  size,  as  well  as  tugs  of  siifficient  power,  in  order  to  get 
a  project  started,  and  take  out  the  full  yardage  of  which  the  dredge 
is  capable.  The  speaker  is  always  skeptical  in  regard  to  published 
costs  of  dredging  work,  as  the  figures  are  usually  only  for  the  bare 
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dredging,   without   the  proper   overhead   charges   and   extensive  plant     Mr. 
repair,  which  may  cost  as  much  as  from  $20  000  to  $50  000  at  a  time,    °^ 
if  a  job  has  lasted  from  6  to  12  months,  and  which  certainly  bears 
no  relation  to  the  ordinary  figures  which  are  included  for  simple  depre- 
ciation. 

Some  years  ago,  when  making  prices  on  dredging  work  in  the 
Northwest,  the  speaker  was  bothered  with  reports  of  dredging  being 
done  on  the  Columbia  River  at  from  2  to  3  cents  per  cu.  yd.  This 
was  investigated  fully,  the  total  costs  for  a  number  of  years  previous 
— back  to  the  inception  of  the  work — being  taken  from  the  reports 
of  the  Port  of  Portland,  including  overhead,  experimental  work,  and 
expenditures  of  every  sort.  The  yardage  reported  was  also  taken, 
although  a  large  part  of  this  was  admittedly  washed  out  by  the 
current;  and  the  cost  was  found  to  be  more  than  26  cents  per  cu.  yd. 
This,  of  course,  has  been  greatly  bettered  during  recent  years  by  more 
efficient  administration  and  a  more  efficient  and  modern  plant,  but, 
from  this  source  no  more  is  heard  of  ridiculously  low  costs.  Some 
one  must  pay  general  or  overhead  expenses  eventually. 

In  closing,  the  speaker  would  like  to  call  attention  to  a  type  of 
strongly  built  suction-dredge,  provided  with  a  good  type  of  rock 
cutter,  which  can  do  very  efficient  work  in  material  often  excavated 
with  a  dipper-dredge  or  some  other  type.  Modern  high-powered 
suction-dredges  with  booster  pumps  in  the  pipe  line  have  been  used 
to  pump  to  distances  of  20  000  ft.,  or  nearly  4  miles,  and  the  modern 
design  of  dredging  pumps,  with  from  1  200  to  1  500  h.  p.,  are  capable 
of  pumping  through  very  long  pipe  lines,  ranging  from  4  000  to  7  000 
ft.,  without  boosters;  and  to  pump  to  very  much  greater  heights  than 
was  believed  possible  a  few  years  ago.  In  one  recent  case,  the  speaker 
delivered  material  with  a  pump  of  this  type  to  a  distance  of  about 
4  500  ft.  on  a  lift  of  45  ft.,  the  material  being  heavy  sand  with  some 
clay.  The  places  where  dipper-dredges  of  very  large  size,  or  dredges 
of  any  type  of  large  size,  can  be  used  economically  are  comparatively 
few,  and  the  engineer  must  make  sure  of  all  his  conditions  before 
deciding  on  the  type,  or  he  must  leave  it  to  a  contractor  of  great 
experience  to  select  the  kind  of  plant  and  let  him  take  his  own 
chances. 

Arthur  W.  Manton,*  M.  Am.  Soc.  C.  E.  (by  letter). — There  are     Mr. 
a  few  points  relative  to  these  dredges  about  which  the  writer  would     ^°*°°- 
like  to  have  more  information,  although,  perhaps,  it  may  not  be  con- 
sidered within  the  scope  of  the  paper. 

The  writer  spent  some  time  on  the  dredges  at  the  Pacific  end  of  the 
Panama  Canal,  with  James  Macfarlane,  Superintendent  of  Dredging, 
and  was  much  interested  in  the  performance  of  the  Lobnitz  bucket-and- 
ladder  dredges  built  in  Scotland  for  the  French  Company.     The  work 

*  New  York  City. 


532      Discussiox:  dippee-dredges  on  the  Panama  canal 

Mr.  done  by  these  old  dredges,  although  in  softer  material,  was  considered 
""■  to  be  excellent,  and,  as  regards  cost,  very  satisfactory.  Since  then, 
the  writer  has  also  had  the  opportunity  of  studying  the  work  per- 
formed by  the  bucket-and-ladder  dredges  on  the  Suez  Canal. 

After  noting  the  very  considerable  and  expensive  repairs  and  re- 
newals (materials  and  labor)  on  the  three  dredges,  as  stated  in  the  paper, 
the  writer  cannot  help  thinking  that  perhaps  the  advantages — from 
some  "angles" — of  the  bucket-and-ladder  type  of  dredge  may  have 
been  overlooked  in  adopting  the  dipper-dredge  design;  and  it  is  hoped 
that  the  author  will  give  the  reasons  for  the  adoption  of  the 
latter.  Apparently,  the  stresses  on  the  boom,  dipper  handle,  spuds, 
and  hull  of  the  three  dredges  were  enormous ;  and,  in  order  to  deal  with 
large  masses  of  rock,  it  appears  that  something  had  to  be  sacrificed. 

The  bucket-and-ladder  dredges  which  the  writer  has  operated 
abroad  had  large  outputs,  with  small  repairs  and  maintenance  charges, 
both  as  to  labor  and  material,  throughout  extended  periods  of  work, 
although  they  were  subject  to  severe  stresses  in  a  seaway,  due  to  bad 
weather;  in  one  case,  especially,  at  Portsmouth  Dock  Yard,  one  of  the 
dredges  was  moored  and  working  in  the  seaway,  and  had  to  be  hauled 
out  of  its  "cut"  very  rapidly  in  order  to  permit  battleships  to  pass  in 
and  out  of  the  yard.  No  spuds  were  provided,  and,  in  this  respect, 
American  practice  seems  to  be  excellent.  If  the  dredge  had  been  pro- 
vided with  a  rear  swinging  spud,  the  work  would  have  been  improved. 
The  channel  bottom  had  to  be  dredged  to  a  depth  which  required  an 
accuracy  limit  of  about  6  in.  The  material  was  compact  gravel, 
although  not  specially  hard  to  dig,  and  the  face  varied  from  3  to  about 
12  ft.  The  buckets  had  a  capacity  of  about  27  cu.  ft.,  and  were  operated 
at  about  11  per  min.,  the  dredge  capacity — a  barge-loading  dredge — 
being  between  500  and  600  cu.  yd.,  in  situ,  per  hour. 

Under  the  circumstances,  the  cost  figures  were  distinctly  reasonable, 
although  they  would  have  been  considerably  less  had  the  dredge  been 
able  to  operate  for  the  full  24  hours,  instead  of  at  low  tide — daylight 
hours  only — as  the  Admiralty  would  not  permit  night  dredging  in 
the  fairway. 

Referring  again  to  the  cost  of  the  three  "dippers",  the  writer  would 
be  glad  if  the  repairs-and-maintenance  cost  (divided  into  materials  and 
labor)  could  be  separated  from  the  actual  operation  cost,  and  if 
the  costs  of  fuel  and  wire  rope  could  be  given  separately;  it  is 
inferred  that  the  latter  was  very  high.  He  would  also  like  to  know 
what  was  provided  for  depreciation.  It  is  assumed  that  the  staff  super- 
intendence cost,  insurance  cost,  and  general  charges  are  not  included 
in  the  figures  given;  the  operation  time-losses  per  24  hours  for  each 
cause  would  also  be  interesting. 

The  maintenance  cost  (nearly  150%  of  the  operation  cost),  appears 
to  be  high,  and  this  would  lead  one  to  suppose  (although  this  point  was 
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not  brought  out  so  fully  by  discussion  perhaps  as  it  might  have  been)  Mr. 
that  the  dredge  was  operated  in  a  way  not  at  all  anticipated;  or  that 
the  rapid  completion  of  the  Gaillard  Cut  was  considered  to  be  so  im- 
portant that  it  was  a  small  matter  to  run  the  dredge  in  such  a  way  as 
to  distress  it  in  a  manner  not  provided  for  by  the  manufacturers,  or, 
indeed,  the  engineers.  This  point  was  only  brought  out  by  Mr.  Rose- 
water,  but  from  the  paper  the  dredges  may  be  said  to  have  worked 
exceedingly  well  under  the  onerous  conditions  imposed. 

The  use  of  a  bucket-and-ladder  dredge,  with  buckets  of,  say,  40 
cu.  ft.  capacity,  with  possibly  one  "horn",  in  hard  ground,  to  every 
two  ladder-buckets,  doubtless  would  have  involved  the  breaking  up  of 
the  larger  boulders,  say,  from  10  to  20  tons,  subsequent  to  the  passing 
of  the  dredge;  but  this  might  be  considered  as  an  advantage,  for  it 
would  keep  the  dredge  at  work  for  a  greater  proportion  of  the  24  hours. 
Mr.  Rosewater  has  stated  that  boulders  were  brought  up — sometimes 
twenty  times  daily— so  large  as  to  stick  in  the  bucket,  or  to  neces- 
sitate blasting  them  in  the  scow  to  enable  them  to  pass  through  the 
doors.  Dealing  with  large  boulders  with  such  a  machine  as  a  dipper- 
dredge  would  seem  to  delay  unduly  the  dredge,  scows,  and  tugs,  and, 
in  addition,  to  increase  seriously  the  repairs  and  maintenance  costs. 

With  the  bucket-and-ladder  dredge,  the  smaller  buckets  would  work 
around  such  boulders,  ultimately  tumbling  them  into  the  bottom  of 
the  cut,  to  be  lifted  subsequently  with  a  crane,  or  blown  up  to  be 
re-dredged. 

There  may  be  some  novel  points  in  this  discussion,  which  may  elicit 
a  reply  as  to  the  reasons  for  making  these  dredges  of  this  particular 
design.  They  were  provided  with  buckets  of  two  sizes;  if  15  cu.  yd. 
was  the  best  size  for  soft  excavation,  would  it  not  appear  that  the 
10-cu.  yd.  bucket  for  hard  and  soft  rock  would  be  a  somewhat  large, 
and  therefore  expensive,  size,  involving  these  excessive  stresses  and 
undue  operating  delays? 

A.  W.  RoBixso]s\*  M.  Air.  Soc.  C.  E.  (by  letter).— The  dipper-  Mr. 
dredges  described  by  Mr.  Berdeau  are  probably  the  most  important  °  inson. 
examples  of  this  type  yet  used  on  large  work.  The  dipper-dredge  is 
especially  suited  to  canals  and  narrow  channels,  because  it  takes  up 
little  room,  and  does  not  require  anchorage  lines  which  would  obstruct 
navigation,  as  in  the  case  of  the  ladder-dredge,  nor  does  it  move  its 
hull  at  all  when  working.  These  dredges  were  the  main  reliance  in 
reducing  the  slides  which  involved  enormous  volumes  of  excavation 
during  the  first  years  of  traffic  on  the  Panama  Canal.  The  work  done 
shows  the  great  capability  of  this  type,  each  of  the  three  dredges  having 
a  demonstrated  capacity  of  more  than  3  000  000  cu.  yd.  per  year. 

The  work  of  the  third  machine — ordered  after  some  experience 
gained   with   the   first   two — naturally    shows    improvement   of   detail, 

*  Montreal,  Que.,  Canada. 


534      discussion:  dipper-dredges  on  the  Panama  canal 

Mr.       which  is  reflected  in  the  better  monthly  average  output.     It  is  to  be 

o  inson.  j.egpg^^g(j  t}jat  further  and  more  radical  improvements  were  not  made 

in  order  to  reduce  the  abnormally  high  cost  of  maintenance  which  shows 

in  all  three  examples,  which,  if  eliminated,  would  have  permitted  still 

larger  outputs,  and  at  much  less  cost. 

The  cost  of  maintenance,  normally,  should  be  only  a  small  fraction 
of  the  cost  of  operation,  but  the  figures  given  show  that  the  ''main- 
tenance" of  the  Gamboa  was  1.5  times  the  cost  of  operation,  that  of  the 
Paraiso  being  1.7  times,  and  that  of  the  Cascadas  1.4  times.  "Main- 
tenance" is  stated  in  the  paper  to  be  the  "cost  of  keeping  the  equipment 
in  first-class  condition,  and  depreciation  only."  In  other  words,  repairs 
and  depreciation. 

The  cost  of  "maintenance"  of  the  Gamhoa  was  $131  350  for  1915, 
and  that  of  the  Paraiso  was  $125  000.  The  Cascadas  was  no  better,  but 
rather  worse,  despite  the  improvement  in  design,  being  $108  111  for 
9  months  of  1916,  or  at  the  rate  of  $144  000  for  the  year.  These  are 
heavy  figures,  and,  after  making  all  due  allowance  for  hard  driving 
and  conditions  of  work,  they  indicate  the  existence  of  serious  defects 
of  design.  As  intimated  in  the  paper,  the  principal  defects  are  to  be 
found  in  the  main  hoisting  ropes,  the  dipper  arms,  and  spuds. 

The  life  of  the  main  hoisting  rope  is  stated  to  be  from  3  to  35  days. 
The  replacement  of  a  steel  rope,  31  in.  in  diameter  and  275  ft.  long, 
at  such  frequent  intervals  is  a  heavy  tax,  to  say  nothing  of  the  loss  by 
delay.  The  first  dipper-dredge  to  be  fitted  with  direct  wire  rope  hoist 
was  built  by  the  Bucyrus  Company  in  1890,  and  of  this  the  dredges  under 
discussion  are  the  lineal  descendants. 

As  compared  with  the  old  3-part  chain  hoist  then  in  use,  the  direct 
hoist  with  single  rope  was  an  instant  success,  and  has  been  used  widely. 
For  modern  heavy  loads,  however,  the  single  rope  is  quite  unsuitable, 
and  the  writer  has  developed  a  system  of  multiple  ropes,  consisting  of 
two  or  more  ropes  in  parallel,  by  which  all  the  advantages  of  speed  and 
simplicity  of  the  direct  single  rope  are  retained,  with  great  durability. 

The  importance  of  the  subject  of  wire  rope  hoisting  for  heavy  loads 
at  speed  merits  further  remark. 

It  is  commonly  supposed  that,  for  good  results,  the  sheave  diameter 
should  bear  a  certain  ratio  to  the  rope  diameter,  say  30  diameters  or 
more.  A  leading  maker  of  wire  ropes  lists  the  minimum  size  of  drum 
and  sheaves  in  a  table  which  for  a  6-strand,  19-wire,  cast-steel  rope, 
1  in.  in  diameter,  is  4  ft.,  and  for  a  rope  2  in.  in  diameter  is  8  ft.  It 
is  quite  erroneous  to  proportion  sheave  diameters  to  rope  diameters  in 
direct  ratio.  According  to  this,  assuming  that  a  rope  1  in.  in  diameter 
would  work  well  over  a  sheave  30  in.  in  diameter  (which  is  true  in  prac- 
tice if  the  rope  is  flexible  and  the  load  and  speed  are  moderate),  a  rope 
3J  in.  in  diameter  would  require  a  sheave  30  by  3^  in.,  or,  say,  8  ft., 
which  is  what  we  find  in  the  dredges  under  discussion,  and  is  mani- 
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festly  too  small.  It  is  clear  that  the  resistance  to  bending  of  a  member  Mr. 
is  not  a  linear  function  of  the  depth.  In  solid  round  members  the 
moment  of  inertia  varies  as  the  fourth  power  of  the  depth  or  thickness. 
In  a  wire  rope  in  which  the  individual  wires  compose  the  section,  the 
problem  is  more  complex,  owing  to  friction  between  the  wires  under 
varying  tension.  In  practice,  the  writer  finds  that  the  resistance  to 
bending  is  proportional  to  the  square  of  the  diameter  of  the  rope,  and 
that  sheave  diameters  proportioned  accordingly  give  good  results.  Thus, 
if  a  Tojie  1  in.  in  diameter  requires  a  30-in.  sheave,  a  2-in.  rope  should 
have  a  sheave  22  by  30,  or  120  in.  in  diameter,  and  a  3:i-in.  rope  would 
require  a  sheave  about  26  ft.  in  diameter,  instead  of  8  ft.  as  used.  Not 
only  is  the  sheave  diameter  entirely  too  small,  but  the  rope  in  ques- 
tion is  subject  to  eight  bendings  per  lift  in  passing  over  the  two 
sheaves,  or  twelve  bendings  over  three  sheaves,  not  counting  the  wind 
in  the  drum.  This  is  equal  to  from  700  to  1  000  bendings  per  hour.  It 
is  also  subjected  to  severe  twisting  on  the  vertical  axis  as  the  boom 
revolves,  and,  as  this  twisting  and  untwisting  takes  place  in  the  short 
distance  of  13  ft.,  it  is  most  injurious  to  a  rope  of  this  size.  It  is 
hardly  necessary  to  say  that  such  a  rope,  used  in  this  way,  violates 
mechanical  principles,  and  must  necessarily  be  short  lived,  no  matter 
what  kind  of  "extra  flexible"  or  what  grade  of  steel  is  used. 

Another  common  error  is  to  assume  the  same  diameter  for  drum 
and  sheaves,  as  in  the  maker's  catalogue  referred  to.  Drums  may  be 
considerably  smaller  than  sheaves,  for  equal  wear.  This  is  evident 
when  we  consider  that  the  rope  makes  two  bendings  in  passing  over 
a  sheave,  once  on  and  once  off,  and  only  one  bending  in  winding  on 
a  drum.  The  wear  from  bending,  therefore,  is  only  half  as  much  on 
a  drum  as  on  a  sheave  of  equal  size. 

The  dipper  arm  used  on  these  dredges  is  of  the  split  type,  and 
about  40  tons  in  weight.  The  use  of  the  split  type  of  arm  with  rack 
and  pinion  is  a  survival  from  early  and  small  dipper-dredges  for  light 
and  shallow  work,  and,  in  the  writer's  opinion,  is  quite  unsuitable  when 
applied  to  modern  heavy  dredges  for  deep  water.  The  concentration 
of  load  due  to  the  weight  alone  on  the  narrow  shroudings  of  the  rack 
is  excessive,  and  the  load  and  wear  on  the  teeth,  when  pinched,  due 
to  side  motion  and  general  stress  and  twisting,  is  quite  beyond  the 
safe  limit  of  endurance.  Furthermore,  the  lateral  strength  and 
resistance  to  twisting  of  the  split  type  of  arm  are  small,  and  the  con- 
struction is  such  that,  when  over-stressed,  permanent  deformation 
takes  place.  Consequently,  the  wear  and  tear  is  severe,  and  the 
cost  and  delay  due  to  the  renewal  of  these  parts  is  a  large  item.  No 
amount  of  increase  of  section  of  this  design  will  remedy  the  trouble; 
on  the  contrary,  it  will  aggravate  it.  The  great  weight  of  the  dipper 
arm  •  is  a  predisposing  cause  of  wear,  and  likewise  is  very  severe 
on  the  dipper  when  dropped  on  the  bottom. 
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Mr.  The  question  of  spuds  for  heavy  stresses  in  deep  water  is  an  im- 

o  inson.  pQj.^jjj-^^  Qj^Q^  Q^^  here,  again,  the  methods  of  early  days  fail,  and  an 
entirely  new  treatment  of  the  subject  is  demanded.  For  many  years, 
and  for  depths,  on  the  Great  Lakes,  a  plain  wooden  spud  sliding  in 
plain  wooden  vertical  guides  answered  every  purpose.  As  depths  and 
stresses  increased,  steel  spuds  were  tried,  but  failed  in  many  cases 
owing  to  lack  of  resilience  and  also  to  the  concentration  of  the 
load  at  one  point.  The  ordinary  methods  of  construction  become 
inadequate  and  unsuitable  when  we  have  to  deal  with  the  enormous 
stresses  generated  by  machines  of  great  power  working  in  hard  material 
and  in  deep  water.  The  pressure  of  a  square  spud  against  the  sides 
of  a  parallel  slide  in  which  it  fits  more  or  less  loosely  is  nil  along  the 
middle  portion  of  the  slide  and  is  concentrated  at  the  top  and  bottom; 
this  results  in  shearing  the  rivets  at  points  of  concentration,  and 
often  causes  deformation  and  rupture.  Furthermore,  a  steel  spud 
being  a  rigid  member  in  a  more  or  less  rigid  casing,  there  is  no  elas- 
ticity, as  in  a  wooden  spud.  Strengthening  the  parts  and  making  the 
spud  of  heavier  section  does  not  remedy  the  trouble;  on  the  contrary, 
with  an  enormously  heavy  spud,  the  difficulty  of  handling  it  is  increased, 
and  the  rivets  loosen  up  as  before,  unless  suitable  methods  are  adopted 
to  distribute  the  stress  over  a  suflicient  number  of  rivets  and  provide 
the  necessary  elasticity. 

The  author  states  that  these  spuds  have  to  be  removed  every  90 
days,  three  having  been  broken  in  as  many  days  in  one  case. 

The  stresses  to  which  they  are  subject  cannot  be  closely  calculated, 
as  in  a  bridge,  but  no  bridge  designer  would  think  of  subjecting  a 
riveted  box-beam,  of  the  dimensions  stated,  to  a  bending  stress  of  150 
tons  or  more  concentrated  on  a  few  rivets,  such  a  beam  also  bearing, 
as  a  column,  a  heavy  vertical  load. 

In  addition  to  the  foregoing  points  of  criticism,  to  which  the  author 
has  drawn  attention,  the  following  additional  points  may  be  mentioned. 

Method  of  Stiffening  Hull. — The  steel  hull  is  stiffened  by  two  fore- 
and-aft  steel  trusses.  This  method  is  a  survival  from  the  days  of 
wooden  hulls,  which  required  stiffening.  The  writer  thinks  that  better 
stiffness,  with  less  weight  and  obstruction  of  space,  can  be  provided 
by  a  suitably  designed  steel  hull,  without  trusses,  but  which  possesses 
the  necessary  strength  in  itself.  The  bottom  of  the  hull,  the  steel 
main  deck,  and  the  top  member  of  the  truss,  together  constitute  a 
beam  with  three  flanges,  which  is  an  absurdity.  Some  excuse  for  the 
truss  is  found  in  the  support  it  gives  to  the  overhead  turn-table,  but 
this  would  be  much  better  on  deck,  where  it  would  be  on  a  solid 
foundation,  and  would  permit  the  operator  to  have  an  unobstructed 
view  of  his  work,  a  defect  to  which  the  paper  calls  attention. 

Main  Engines. — The  main  engines  are  compound,  with  outside 
cranks.     The  writer  thinks  that  simple  engines,   with  center  cranks, 
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would  be  preferable.  Compounding  an  engine  which  stops  every  Mr. 
40  sec,  runs  at  full  load  about  10%  of  the  time,  and  at  all  sorts  of  Kob'°s°°- 
speeds,  does  not  resvilt  in  any  economy.  In  locomotives,  which  rim 
more  uniformly,  compounding  has  gone  out  of  use  principally  on 
account  of  the  value  of  simplicity  and  good  starting  power — both 
essentials  on  a  dipper-dredge — and  because  the  economy  was  not  suffi- 
ciently marked  to  make  it  Avorth  while.  Some  economy  might  be  had 
by  adopting  higher  pressures  and  by  superheating.  The  side  cranks, 
again,  are  a  relic  from  small  hoisting  engines  used  in  early  days, 
and  are  out  of  place  in  marine  practice,  or  in  large  engines  subject 
to  sudden  changes  of  speed  and  load. 

Boom. — The  boom  is  of  the  curved  bowstring  design,  which  the 
writer  used  for  many  years,  but  found  deficient  in  lateral  stiffness 
against  the  side  thrust  of  the  dipper  arm,  and  weak  at  the  lower  end, 
due  to  its  shallow  depth  at  that  place  and  its  inability  to  resist  twisting 
stresses.  Therefore,  he  designed  a  boom  with  straight  tapering  mem- 
bers, having  wide  bottom  flanges  and  great  depth  at  the  lower  end; 
this  provided  freedom  of  movement  to  roll,  instead  of  attempting  to 
resist  rigidly  the  stresses  due  to  swinging.  This  boom  is  sometimes 
known  as  the  "Atlantic  type";  it  possesses  great  strength,  with  less 
weight  and  fewer  parts. 

Inaccessibility  of  Parts. — The  author  has  already  commented  on 
the  difficulty  of  dismounting  the  brake  wheels  and  stripper  shaft,  due 
to  design.  The  writer  would  also  criticize  the  arrangement  of  having 
so  much  steam  machinery  below  deck  in  a  tropical  climate,  some  of  it, 
such  as  the  spud  engines  behind  the  trusses,  in  an  inaccessible  position. 

Capacity  of  Dipper. — Though  called  15-cu.  yd.  dredges,  it  does  not 
appear  that  they  have  ever  been  worked  with  a  dipper  of  that  size, 
even  in  soft  material,  and  10  cu.  yd.  seems  to  be  the  useful  limit  of 
capacity,  although  the  dimensions  of  the  dipper,  as  stated  in  the  paper 
(lOi  hy  9  by  9  ft.  over  all),  would  indicate  a  somewhat  less  capacity. 
With  a  very  large  dipper,  it  is  not  alone  a  question  of  the  power  and 
ability  of  the  dredge  to  handle  it,  but  of  the  ability  of  the  scow  to 
receive  the  impact  of  such  a  mass  of  material  and  dispose  of  it. 

Character  of  WorJc. — The  paper  states  that  these  dredges  were 
"placed  in  Gaillard  Cut  in  rock  digging  exclusively."  A  more  specific 
classification  of  material  dredged  would  be  necessary  in  order  to  form 
a  just  idea  of  the  work  done.  Although  some  rock  may  have  been 
present,  "rock  digging  exclusively"  is  misleading.  The  sliding  in  of 
the  banks  of  the  canal,  and  the  large  output,  both  prohibit  the  idea 
of  "rock  exclusively." 

The  defects  which  have  been  criticized  illustrate  a  tendency  to  follow 
beaten  tracks,  which  lead  astray  when  followed  too  far.  This  tendency 
is  found  in  many  branches  of  engineering,  but  especially  in  the  design 
of    dredging   machinery,    the    early    development    of    which    has    been 
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Mr.       largely  in  the  hands  of  so-called  practical  men  with  slight  acquaintance 


Robinson 


Rosewater. 


with  engineering.  By  a  process  of  strengthening  parts  that  failed  or 
proved  weak,  successive  examples  were  built  up  into  a  system  from 
which  it  was  thought  unwise  or  impossible  to  depart.  In  many 
instances,  tons  of  metal  were  introduced  into  the  design  of  parts  in 
this  way  as  the  result  of  experience,  and  the  degree  of  success  resulting 
was  an  apparent  justification,  whereas  the  truth  is  that  entirely  dif- 
ferent designs  based  on  engineering  principles  and  sound  reasoning 
would  have  been  better. 

The  splendid  work  which  these  dredges  have  done,  in  spite  of  the 
mechanical  defects  noted,  is  a  tribute  not  only  to  the  excellence  and 
solidity  of  the  machines  as  a  whole,  but  especially  to  good  operation 
and  management  at  a  time  when  the  passage  of  the  Canal  was  at  stake. 

Mr.  William  M.  Kosewater,*  Assoc.  M.  Am.  Soc.  C.  E. — This  paper 

gives  a  brief  description  of  the  machinery  used  on  these  dredges,  to- 
gether with  some  suggestions  for  changes  which,  in  the  author's  opinion, 
would  improve  future  dredges.  The  performances  of  these  dredges  are 
tabulated,  and  some  figures  are  given  relating  to  the  output  and  cost 
of  operation,  but,  unfortunately,  the  conditions  of  operation  are  not 
described,  and,  without  knowing  these  conditions,  the  records  of  per- 
formances cannot  be  intelligently  compared  or  used  in  predicting  what 
other  dredges,  or  even  the  same  dredge,  may  do  on  other  work. 

The  speaker  will  try  to  describe  the  conditions  under  which  these 
performances  were  made,  and  also  explain  how  the  original  specifica- 
tions for  these  dredges  were  decided  on. 

At  the  time  the  first  large  slide  closed  the  Canal  to  navigation,  the 
Panama  Canal  Commission  was  operating  a  number  of  hydraulic 
dredges,  a  few  dipper-dredges  equipped  with  5-yd.  dippers,  and  the 
ladder-dredge,  Corozal,  with  buckets  of  about  35  cu.  ft.  capacity.  All 
these  dredges  were  found  to  be  unsuitable  for  clearing  away  this  tre- 
mendous mass  of  broken  rock  and  earth.  The  dipper-dredges  were  too 
small  and  of  too  light  construction,  and  the  Corozal  was  unsuitable 
for  the  work  because  the  material  had  lost  all  its  original  regularity  of 
formation,  and  was  no  longer  in  layers  of  original  uniform  material, 
through  which  one  could  steadily  feed  an  endless  chain  of  buckets,  but 
was  a  mass  of  earth  mixed  with  broken  pieces  of  rock  of  all  sizes  and 
shapes,  and  lacking  all  uniformity  of  formation,  a  mass  against  which, 
on  account  of  this  lack  of  uniformity,  no  endless  chain  of  buckets, 
with  its  uniform  speed  and  original  close  formation  (as  compared  with 
the  enormous  size  of  the  pieces  of  rock),  could  be  expected  to  cope 
successfully. 

Such  a  mass  calls  rather  for  a  large  single  bucket  or  dipper,  the 
direction,  point  of  application,  and  speed  of  which  are  constantly  under 

*  South  Milwaukee,  Wis. 
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control,  and  with  which  the  operator  can  feel  his  way  as  he  plows        Mr. 
through  the  mass.  Rosewater. 

Such  were  the  conditions  that  led  to  the  placing  of  orders  for  these 
large  dipper-dredges.  A  few  years  previous  to  this,  W.  G.  Comber,  M. 
Am.  Soc.  C.  E.,  then  in  charge  of  the  dredging,  had  visited  the  United 
States  to  inspect  the  more  important  large  dipper-dredges  on  the  At- 
lantic Coast  and  the  Great  Lakes.  Of  all  these  dredges  only  two  types 
were  considered  as  coming  within  the  requirements  for  this  work ;  these 
were  the  15-yd.  dipper-dredge,  Toledo,  built  by  the  Bucyrus  Company 
for  George  H.  Breymann  and  Brothers,  of  Boston,  Mass.,  and  the  two 
10-yd.  dipper-dredges  working  on  the  Cape  Cod  Canal.  The  latter 
were  sister  machines,  and  were  built  by  the  Atlantic  Equipment  Com- 
pany, frequently  referred  to  as  the  American  Locomotive  Company. 
After  careful  inspection  and  study  of  these  dredges,  the  officials  of  the 
Panama  Canal  decided  that  the  Toledo  represented  the  type  most  suit- 
able for  their  work.  The  Gamhoa  and  the  Paraiso  were,  with  certain 
modifications,  to  be  duplicates  of  the  Toledo,  the  largest  dredge  of  this 
type,  and  practically  the  only  one  that  met,  in  a  general  way,  all  the 
requirements  of  the  work  on  the  Canal.  This  dredge  carries  a  12  or 
15-cu.  yd.  dipper,  depending  on  the  nature  of  the  material  to  be  dredged, 
and  can  dig  to  a  depth  of  50  ft.  below  the  water  line. 

The  Toledo  has  a  wooden  hull,  with  structural  steel  stiffening 
trusses,  a  single  boiler,  and  wooden  spuds,  the  forward  spuds  being 
operated  by  a  two-part  wire  rope  tackle.  The  Panama  dredges  were  to 
have  steel  hulls,  also  structural  steel  trusses,  two  boilers,  and  steel 
spuds,  the  forward  spuds  to  be  operated  by  a  four-part  wire  rope  tackle. 
In  practically  all  other  respects  these  dredges  were  to  be  duplicates  of 
the  Toledo.  Suggestions  for  improvements  in  the  design  of  the  main 
hoisting  engine,  drums,  and  gears  had  been  made  by  the  speaker's 
company  at  that  time,  but  were  rejected  by  the  Canal  officials,  chiefly 
on  account  of  the  extra  time  it  would  have  taken  to  get  out  an  en- 
tirely new  design.  The  need  for  these  dredges  on  the  Canal  was  so 
great  that,  in  view  of  the  satisfactory  work  done  by  the  Toledo,  the 
Canal  officials  felt  justified  in  rejecting  suggestions  for  changes  in 
design  which  if  incorporated  would  have  delayed  the  delivery  of  the 
dredges. 

When  the  order  for  the  third  dredge,  the  Cascadas,  was  placed,  the 
first  two  had  been  in  operation  for  about  8  months.  The  work  of  these 
dredges  had  been  highly  satisfactory,  and  the  only  changes  requested 
were  that  the  hull  be  widened  so  that  it  would  be  flush  with  the  out- 
side of  the  forward  spuds.  This  increased  the  width  of  the  hull  about 
11  ft.,  and  added  to  its  transverse  stability  in  maneuvering  the  dredge 
with  the  spuds  in  the  high  position.  It  also  provided  space  for  a 
third  boiler,  which  was  considered  desirable.  A  gallows  frame  was  also 
to  be  added  at  the  bow,  so  as  to  permit  raising  the  forward  spuds  from 
their  tops,  thereby  avoiding  the  use  of  sheaves  at  the  bottom  of  the 
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Mr.  spuds,  as  in  that  position  they  were  easily  clogged  with  mud,  and  were 
a  source  of  more  or  less  trouble  on  the  older  dredges.  Changes  in  the 
design  of  the  main  hoisting  engine,  drums,  and  gears  were  again  con- 
sidered, and  rejected  as  not  being  worth  while,  but  it  was  decided  to 
omit  the  reversing  links  and  add  a  separate  reversible  engine,  to  be 
thrown  into  gear,  when  required,  to  turn  the  main  drum  slowly  and 
thus  facilitate  the  renewal  of  the  cable  and  when  making  repairs. 

The  performance  of  all  these  dredges  is  unique,  and  the  speaker 
doubts  very  much  that  it  can  ever  be  equalled  elsewhere,  even  with  the 
same  or  similar  dredges,  because  all  the  conditions  necessary  for  con- 
tinuous maximum  output  will  probably  never  again  be  present  to  the 
same  extent  as  on  the  Canal  at  the  time  these  performances  were  made. 
The  conditions  necessary  for  maximum  output  are  as  follows: 
1. — A  depth  of  cut  sufficient  to  insure  a  full  dipper  for  every  stroke. 
2. — A  channel  free  from  traffic,  thus  causing  no  delays  on  account 

of  passing  vessels. 
3. — A  channel  suitable  to  permit  setting  adrift  the  loaded  scows 
as  fast  as  filled.  These  were  pushed  out  of  the  way  by  the 
empty  scow,  and  picked  up  later  by  a  steam  tug.  This  method 
of  handling  scows  could  not  be  used  at  all  times,  of  course, 
because  some  of  the  slides  completely  closed  the  Canal,  and 
then,  naturally,  the  loaded  scow  had  to  be  moved  out  of  the 
way  before  an  empty  one  could  take  its  place,  and,  at  times, 
the  scows  even  had  to  be  turned  end  for  end  before  they  could 
be  completely  loaded. 
4. — No  delays  caused  by  waiting  for  empty  scows.  This  required, 
not  only  an  ample  supply  of  scows  and  steam  tugs,  and  a  per- 
fect transportation  system,  but  also  a  dumping  place  free  from 
rough  weather  and  storms,  so  as  not  to  interrupt  the  towing 
and  dumping  service. 
5. — A  bank  of  earth  slowly  moving  toward  the  dredge,  so  that  the 
latter  could  work  for  long  periods  of  time  without  having  to 
stop  to  move  ahead. 
6. — Careful  and  expert  management,  with  experienced  crews,  and 
the  division  of  the  24-hour  working  day  into  three  8-hour 
shifts,  and  not  into  two  12-hour  shifts. 

From  Tables  1,  2,  and  3,  the  minimum  and  maximum  monthly  out- 
puts for  these  dredges  are  shown  to  be: 

In  1914  for  the  Gamhoa     lOS  000  cu.  yd.  to  166  000  cu.  yd. 


and 

u 

Par  also 

70  000 

to  144  000 

In  1915 

ii 

Gamhoa 

150  000 

to  280  000 

and 

a 

Paraiso 

134  000 

to  313  000 

In  1916 

ic 

Gamhoa 

129  000 

to  321  000 

and 

iC 

Paraiso 

196  000 

to  306  000 

and 

u 

Cascadas 

122  000 

to  330  000 
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If  the  output,  as  given  in  these  tables,  is  averaged  for  the  fiscal        Mr, 
years,  the  Gamboa  and  Paraiso,  for  the  first  year's  operation,  each  re-    °^^^^  ^'• 
moved  150  000  cu.  yd.  per  month,  and  for  the  second  year's  operation 
250  000  cu.  yd.  per  month  for  each  dredge;  the  average  for  the  Cas- 
cadas  during  its  8  months'  work  in  1916  was  300  000  cu.  yd.  per  month. 

The  Gamboa  and  Paraiso,  at  the  start,  were  operated  on  only 
two  8-hour  shifts  per  day,  and  were  changed  to  three  8-hour  shifts 
at  about  the  time  the  Cascadas  was  placed  in  commission.  The  Cas- 
cadas  was  always  operated  on  three  8-hour  shifts.  The  increase  of 
100  000  cu.  yd.  per  month  for  the  second  year's  work  of  the 
Gamboa  and  Paraiso  is  no  doubt  largely  due  to  the  addition 
of  the  third  shift,  which  added  about  50%  more  operating  time 
to  each  month,  but  the  scow  service  was  also  improved  at  this  same 
time,  so  that  it  is  the  combination  of  these  two  that  really  accounts 
for   the   increased   yardage. 

Assuming  twenty-six  24-hour  working  days  per  month,  the  aver- 
age hourly  output  for  both  the  Gamboa  and  Paraiso  was  400  cu. 
yd.,  and  for  the  Cascadas  about  480  cu.  yd.  The  Gamboa  and 
Paraiso  were  originally  equipped  "with  10-yd.  and  15-yd.  dippers, 
for  work  in  rock  and  earth,  respectively,  but  it  was  found  that 
the  rock  and  earth  were  mixed  to  such  an  extent  that  no  distin- 
guishing line  could  be  drawn  dividing  the  classes  of  work,  nor  was 
it  found  practicable  to  change  the  dippers  with  the  change  in  the 
character  of  the  material,  so  that  these  dredges  used  the  10-yd. 
dippers  constantly,  and  the  15-yd.  dippers  were  eventually  cut  down 
and  converted  to  rock  dippers.  The  Cascadas  was  equipped  with 
a  12-yd.  dipper,  suitable  for  both  rock  and  earth  work,  and  a  similar 
change  was  intended  to  be  made  on  the  other  dredges,  but  the 
speaker  thinks  that  this  had  not  been  done  at  the  time  of  these 
performances.  Assuming,  then,  that  the  Gamboa  and  Paraiso  were 
using  10-yd.  dippers,  and  the  Cascadas  a  12-yd.  dipper,  each  of  the 
three  dredges  was  loading  at  an  average  of  not  less  than  forty 
dippers  an  hour,  or  a  dipperful  every  li  min.  To  make  this  average 
output,  the  dredges  had  to  work  very  much  faster  than  this,  for 
these  figures  do  not  allow  for  lost  operating  time;  and,  to  illustrate 
just  how  fast  it  was  possible  to  operate.  The  Canal  Record  of  Feb- 
ruary 23d,  1916,  stated  that  on  February  18th,  1916,  in  a  24-hour 
period,  from  midnight  to  midnight,  the  Cascadas  loaded  into  scows 
23  305  cu.  yd.  of  earth  and  rock  in  23  hours  and  15  min.  actual 
working  time.  This  is  at  the  rate  of  1 002  cu.  yd.  per  hour,  or 
16.7  cu.  yd.  per  min.,  or  a  dipperful  about  every  40  sec.  This  also 
illustrates  the  fact  that  the  dredge  lost  practically  no  time  what- 
ever in  doing  this  work,  and  that  it  probably  was  not  even  required 
to  change  its  position,  as  a  shift  of  position  visually  causes  a  delay 
of  from  a  few  minutes  to  an  hour,  depending  on  the  location  and 
the  character   of  the  groimd  in  which  the   dredge  is   working. 
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Mr.  In  this  same  month,  the  shortest  of  the  year,  this  dredge  appears 

also  to  have  made  its  record  maximum  output  of  330  000  cu.  yd., 
an  average  of  550  eu.  yd.  per  hour,  which  is  approximately  55% 
of   its   best   single   day's   record. 

The  best  record  for  the  Toledo,  so  far  as  the  speaker  knows,  has 
been  9  000  cu.  yd.  in  15  hours,  and  her  monthly  output  varies  from 
100  000  to  200  000  cu.  yd.,  but  the  conditions  under  which  most  of 
her  work  was  done  are  widely  different  from  those  existing  at  the 
Panama  Canal.  The  depth  of  cut  generally  was  shallow,  from  6 
to  10  ft.,  and  the  time  lost  in  moving  the  dredge  ahead  was  generally 
very  appreciable,  but  the  largest  loss  of  time  is  usually  caused  by 
rough  seas,  which  prevent  taking  the  scows  out  to  the  dump.  At 
some  seasons  of  the  year  this  loss  amounts  to  practically  two-thirds 
of   the   available   working   time. 

From  the  foregoing  it  will  be  readily  seen  to  what  an  extent 
the  conditions  at  Panama  favor  the  work  and  affect  the  yardage 
obtained.  For  efficient  results,  not  only  must  the  dredge  be  of 
proper  strength  and  design,  and  suitable  for  the  work,  but  the 
transportation  problem,  also,  must  be  very  carefully  solved,  in  order 
to  take  full  advantage  of  the  possibilities  of  the  dredge. 

Tables  1,  2,  and  3  also  give  the  cost  of  operation  per  cubic  yard, 
and  show  that  it  was  remarkably  low.  These  figures,  however,  cover 
only  the  cost  of  loading  the  material  into  scows,  and  do  not  include 
the  towing  and  dumping.  As  dredging  contracts,  as  a  rule,  include 
towing  and  dumping,  the  speaker  would  suggest  that  Mr.  Berdeau 
add,  if  possible,  a  supplement  showing  the  cost  per  cubic  yard  of 
spoil  on  the  dump,  including  all  overhead  charges,  and  also  giving 
the  length  of  tow  per  rornid  trip.  From  figures  pertaining  to  this 
work  which  the  speaker  has  seen,  the  cost  of  towing  will  add  approx- 
imately 20  cents  per  cu.  yd.,  and  will  show  that  the  cost  of  spoil 
on  the  dump  varies  from  24  to  33  cents  per  cu.  yd.  These  figures 
cover  the  performance  of  the  Gamhoa  and  Paraiso  from  January 
to  October,  1915.  The  length  of  the  tow  per  round  trip  was  about 
25  miles.  For  the  Cascadas,  on  account  of  its  slightly  larger  aver- 
age output,  the  cost  figures  ought  to  be  slightly  less  than  those  given. 

Some  of  the  details  will  now  be  taken  up  in  the  order  in  which 
they  appear  in  the  paper.  Mr.  Berdeau  submitted  to  the  speaker's 
company  a  copy  of  his  paper  for  correction  before  it  was  printed, 
but  it  is  found  that  several  slight  errors  were  apparently  overlooked, 
and,  for  the  sake  of  accuracy,  the  speaker  will  try  to  correct  them. 

On  page  516,  the  acceptance  of  the  Cascadas  is  given  at  Port 
Richmond,  N.  Y.  This  is  an  error.  The  Gamhoa  and  Paraiso 
were  completed  and  accepted  at  Port  Richmond,  N.  Y.,  but  the  hull 
of  the  Cascadas  was  built  by  the  New  York  Shipbuilding  Company 
at  Camden,  N.  J.,  where  the  Bucyrus  Company  put  in  the  machinery 
and  completed  the  dredge. 
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The   next   correction    is   in   regard   to    the   depth   of   the    Gamhoa       Mr. 
and  Paraiso.     The  hulls  of  these  dredges  are  16  ft.  6  in.  deep  at  the    °^^^^^  ^'■• 
bow  and  13  ft.  6  in.  at  the  stern. 

The  dippers  or  buckets,  as  supplied  by  the  Bucyrus  Company, 
were  of  stronger  and  heavier  design  than  any  that  had  ever  been 
built  before.  Each  10-yd.  rock  dipper  weighed  nearly  20  tons,  and 
each  15-yd.  dipper,  21  tons.  The  rock  dippers  had  been  in  service 
only  a  comparatively  short  time  when  they  began  to  show  signs 
of  distress,  and  had  to  be  overhauled.  An  attempt  was  made  to 
hold  the  Bucyrus  Company  responsible  for  the  failure  of  these  dip- 
pers, on  the  ground  that  this  failure  showed  they  were  too  light 
and  inadequate  for  the  work.  The  speaker's  company,  however,  had 
no  difficulty  in  presenting  proof  to  F.  C.  Boggs,  M.  Am.  Soc,  C.  E., 
Major,  Corps  of  Engineers,  U.  S.  A.,  then  Purchasing  Officer  for 
the  Panama  Canal,  that  these  dippers  were  stronger  and  heavier 
than  any  then  in  service,  and  that  the  company  had  faithfully 
and  to  the  best  of  its  ability  fulfilled  its  contract. 

These  dippers  are  attached  to  a  handle  weighing  approximately 
3TJ  tons,  and,  together  with  the  dipper  itself,  there  is  a  total  weight 
of  57^  tons  in  motion,  and  if,  in  lowering,  the  operator  misjudges 
the  distance,  he  can  easily  allow  the  dipper  to  strike  bottom  with 
sufficient  momentum  to  be  crushed.  The  speaker's  company  quite 
naturally  concluded,  from  the  first  meager  reports  cabled  to  it,  that 
this  had  been  the  cause  of  the  trouble,  just  as  Mr.  Berdeau  has 
done  in  his  paper.  However,  the  detailed  reports,  when  received, 
showed  that  the  parts  had  been  forced  outward  and  not  inward, 
as  would  have  been  the  case  if  the  destructive  force  at  work  had 
been  due  to  the  weight  of  these  parts;  and,  finally,  when  all  the 
facts  became  known,  it  developed  that  these  dippers  frequently 
brought  up  large  pieces  of  rock,  too  large  to  go  through  the  dipper 
and  also  too  large  to  pass  through  the  openings  in  the  dump  scows. 
Sometimes  these  pieces  were  lodged  on  top  of  the  dipper  and  at 
other  times  they  were  wedged  tightly  in  place,  and  as  they  were 
too  large  to  pass  through  the  dump  scows,  they  had  to  be  broken 
up.  This  was  done  by  placing  a  light  charge  of  dynamite  on  top 
of  the  rock,  covering  it  with  clay,  and  then  lowering  the  dipper 
below  the  water  surface,  but  still  allowing  it  to  hang  on  the  hoisting 
rope  when  the  charge  was  exploded.  This  happened  sometimes  as 
often  as  twenty  times  in  a  working  day,  and  it  not  only  broke  up 
the  rock,  but  also  eventually  the  dipper.  This  naturally  had  not 
been  contemplated  in  designing  these  dippers,  and  it  fully  accounted 
for  the  manner  in  which  the  parts  failed.  It  is  not  at  all  surprising, 
therefore,  that  these  dippers  had  to  be  overhauled  and  repaired  every 
3  or  4  weeks.     This  treatment  of  the  rock  was  also  responsible  for 
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Mr.  some  of  the  short-lived  hoisting  cables.  Inspection  of  the  cables 
showed  that  blasting  the  rock  in  the  dipper  broke  a  few  wires  of 
the   cable   each   time,   and   naturally   shortened   its   life. 

Cables. — The  life  of  the  cable  in  ordinary  service  is  usually  rep- 
resented by  300  000  cu.  yd.  The  life  of  the  cables  at  Panama,  in 
view  of  the  continuous  high-speed  operation  of  the  dredges,  and  the 
treatment  that  was  sometimes  given  these  cables,  does  not  seem 
excessively  short. 

The  suggestion  has  been  made  that  sheaves  of  larger  diameter 
would  increase  the  life  of  the  cables,  but  the  speaker  doubts  that 
this  would  result  in  any  material  benefit,  because  the  drum  diameters 
are  considerably  less  than  those  of  the  sheaves,  and  a  cable  usually 
gives  way  at  the  point  where  the  radius  of  bend  is  the  smallest. 

Dipper  Handles. — It  was  specified  that  the  dipper  handles  should 
be  duplicates  of  the  one  on  the  Toledo,  but  more  heavily  armored; 
the  handle  of  the  Toledo  had  originally  been  specified  to  be  a  dupli- 
cate of  one  used  on  an  older  and  smaller  dredge,  so  as  to  make  one 
spare  handle  serve  for  either  dredge.  In  this  way  the  width  of 
12  in.  for  each  dipper  stick  was  determined  arbitrarily,  and  was  in- 
corporated in  the  design  of  the  Panama  dredges.  The  speaker  has 
always  been  of  the  opinion  that  a  stick  16  in.  wide  would  be  far 
better  for  dredges  of  this  size,  but  a  change  in  the  width  of  these 
sticks  would  entail  many  other  changes  which  would  affect  the  initial 
cost  of  the  dredge  quite  materially,  so  that,  in  the  end,  the  adoption 
or  rejection  of  the  suggested  improvement  usually  rests  with  the 
purchaser,  and  not  with  the  Engineering  Department. 

Saddle  Blocks. — The  saddle  blocks,  as  stated  by  Mr.  Berdeau, 
are  of  the  latest  and  most  approved  type,  and  have  given  general 
satisfaction.  The  block  is  on  the  outside  of  the  handle  sticks,  instead 
of  between  them,  and  is  provided  with  adjustable  caps  for  holding 
the  handle  rack  in  proper  mesh  with  its  pinion.  It  is  essential 
to  keep  the  saddle  block  in  proper  adjustment  as  the  handle  wears, 
for  the  forces  at  work  tend  to  separate  the  rack  from  its  pinion, 
and,  if  the  clearance  is  allowed  to  become  too  great,  this  will  cause 
the  teeth  to  jam  and  break,  and  even  break  the  saddle  block  itself. 
Rollers  in  place  of  slide-plates  would  undoubtedly  reduce  the  wear 
at  this  point,  and  Mr.  Berdeau's  suggestion  for  their  use  is  a  good 
one,  but,  before  it  can  be  adopted,  the  old  and  long  established 
prejudice  against  rollers  for  this  service  will  have  to  be  overcome. 
Some  15  or  20  years  ago,  rollers  were  considered  standard  practice, 
but  the  design  was  inadequate,  and  caused  these  roller  slide-plates 
to  be  condemned. 

The  use  of  the  single  dipper  stick  with  a  divided  hoisting  rope — 
one  rope  on  each  side  of  the  stick — has  been  suggested  from  time 
to   time.      The   difficulty   with   this   is   that  no   one   has  yet   found   a 
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way  to  lead  the  ropes  from  the  widely  separated  sheaves  at  the  foot  Mr. 
of  the  boom  through  the  turn-table  to  the  sheaves  in  the  hold  at  ^o^ewater 
the  bow  of  the  dredge,  and  still  retain  the  proper  lead  of  the  rope 
for  all  positions  of  the  boom.  Nor  has  any  arrangement  yet  been 
perfected  that  would  permit  leading  these  cables  directly  from  the 
point  of  the  boom  to  the  drum  without  going  through  the  turn- 
table. Such  an  arrangement  is  often  used  on  Lidgerwood  hoists 
operating  clam-shell  buckets,  but  cannot  be  used  on  a  dipper-dredge 
because  of  the  interference  of  the  dipper  handle  with  these  cables 
as  the  boom  swings  toward  the  corner  of  the  dredge. 

On  some  of  the  large  revolving  shovels  built  by  the  Bucyrus 
Company  the  two  members  of  the  dipper  handle  have  been  separated 
far  enough  to  allow  the  entire  boom  to  be  placed  between  them. 
This  permits  the  use  of  a  box-girder  boom  having  maximum  strength 
and  stiffness  for  any  given  weight  of  material.  It  also  increases 
the  torsional  resistance  of  the  handle  on  account  of  the  wide  spread 
of  its  members,  but  this  design  is  not  well  adapted  for  use  on  deep- 
digging  dipper-dredges  because  of  the  interference  in  certain  posi- 
tions of  the  boom  of  the  handle  with  the  A-frame  legs.  This  might 
be  overcome  by  using  A-frames  with  bent  or  bowed  legs,  but  such 
frames  would  have  to  be  of  extremely  heavy  construction  in  order 
to  take  care  of  the  added  bending  moment.  The  widely  separated 
dipper  sticks  would  also  require  a  broad  section  of  dead  wood  below 
the  boom,  which  would  add  greatly  to  the  resistance  in  pulling  the 
dipper  back  with  the  backing  cable,  especially  if  working  in  a  strong 
current;  and  a  further  objection  might  be  raised  to  this  that  the 
current  would  tend  to  break  the  dipper  sticks  by  forcing  them 
against  the  bottom  corner  of  the  hull. 

Booms. — The  booms  are  alike  on  all  three  dredges,  and  are  of 
plate-girder  construction,  being  25%  heavier  than  the  one  on  the 
Toledo,  which  is  of  the  latticed-girder  type.  The  boom,  without 
doubt,  is  the  most  difficult  part  of  the  dredge  to  design.  It  is 
subject  to  extremely  heavy  loads,  some  of  which  are  indeterminate; 
its  shape  and  the  location  of  some  of  its  principal  members  are 
very  often  fixed  by  the  physical  requirements,  so  that  the  result  is 
at  best  more  or  less  of  a  compromise  between  what  one  would  like 
to  do  and  what  one  can  actually  do.  By  indeterminate  loads  the 
speaker  means  those  caused  by  starting  to  swing  the  boom  before 
the  dipper  is  clear  of  the  water,  and  sometimes  before  it  is  clear 
of  the  bank,  also  those  caused  by  the  sudden  stoppage  and  reversal 
of  swing  necessary  when  working  at  the  highest  speed.  Then,  too, 
it  is  not  uncommon  practice  to  move  the  dredge  sidewise  by  swing- 
ing the  boom  with  the  dipper  bedded  on  the  bottom.  All  these 
forces  produce  reversal  of  stresses,  and  have  a  far-reaching  efiect 
that  sooner  or  later  makes   it  necessary   to   overhaul  the  boom,   no 
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Mr.  matter  how  well  it  was  designed  and  built.  It  has  been  the  speaker's 
Rosewater,  experience  that  the  heavier  and  stronger  the  boom  is  built,  the 
more  likely  it  is  to  be  overworked;  in  other  words,  when  the  boom 
looks  extra  strong  and  heavy,  the  operators  do  not  hesitate  to  do 
with  it  what  they  would  be  afraid  to  undertake  with  some  of  the 
lighter  booms  that  are  in  successful  operation. 

Main  Engines. — The  main  engines  are  of  the  twin,  tandem,  com- 
pound type.  In  a  40  or  50-sec.  cycle  of  operation,  these  engines  run 
only  for  10,  12,  or  15  sec,  at  most,  and  are  idle  for  the  remainder 
of  the  time.  From  this,  the  speaker  believes,  it  will  be  readily 
perceived  that  the  conditions  can  hardly  be  right  for  the  use  of 
a  compound  engine,  and  for  this  reason  the  speaker  has  always  ad- 
vised against  their  use,  but,  as  these  dredges  show,  without  success. 
The  compound  engines  were  insisted  upon  for  the  Toledo,  and  thus 
they  came  to  be  used  on  the  Panama  dredges. 

The  speaker  is  frank  to  confess  that,  as  far  as  he  knows,  no  in- 
dicator cards  have  ever  been  taken  from  any  of  these  compound 
engines,  so  that  he  does  not  know  what  the  low-pressure  cylinder  is 
actually  doing.  Mr.  Macfarlane,  the  Superintendent  of  Dredging 
on  the  Canal,  stated  a  year  ago  that,  if  he  were  to  order  a  fourth 
dredge,  he  would  want  it  provided  with  simple,  double-cylinder  en- 
gines,  and  not  compound. 

The  statement  in  the  paper  that  the  low-pressure  cylinders  have 
piston  valves  is  in  error.  It  is  the  high-pressure  cylinders  that 
have  the  piston  valves,  the  low-pressure  cylinders  have  double-ported 
slide-valves,  with  American  balanced  slide-valve  disks. 

Hoisting  Drum  and  Gear. — The  drum  is  of  the  so-called  differ- 
ential type,  that  is,  it  is  of  two  diameters,  the  connection  between 
the  small  and  large  diameter  being  made  by  two  or  three  turns  of  a 
grooved  spiral  section.  The  original  idea  of  this,  as  explained  in 
the  paper,  was  to  obtain  a  slow  speed  and  maximum  digging  effort 
when  the  dipper  was  on  the  bottom  and  a  fast  speed  with  propor- 
tionately reduced  effort  while  the  loaded  dipper  was  being  hoisted. 

The  small  part  of  the  drum  is  usually  of  a  diameter  that  is 
rather  small  for  the  size  of  the  cable,  and  its  length,  proportioned 
for  average  conditions,  cannot  possibly  be  right  for  all  conditions. 
Thus,  on  a  deep-digging  dredge,  unless  the  cable  is  especially 
shortened  to  suit  the  job  in  hand,  most  of  the  work  in  a  shallow 
cut  will  be  done  on  the  spiral  and  large  diameter  parts  of  the  drum, 
and  the  dredge  will  thus  be  at  a  disadvantage  for  power.  This 
would  also  be  true  for  a  deep  cut  in  any  soil  in  which  the  dipper 
must  cut  its  way  clear  to  the  surface  of  the  water.  Trouble  has 
also  been  experienced  with  drums  of  this  type  on  the  older  dredges, 
which  are  now  working  with  reduced  boiler  pressure,  in  the  event 
that    the   operator    misjudges    his   clearance   height    and    stops    hoist- 
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ing  before  the  dipper  is  high  enough  to  pass  the  hatch  combing  of  Mr. 
the  scow,  for  then,  if  he  is  swinging  fast,  he  cannot  stop,  nor  can 
he  get  the  hoisting  engine  to  start  the  loaded  dipper  from  rest  in 
that  position  without  first  lowering  it  to  obtain  a  more  favorable 
starting  position,  and,  when  there  is  not  time  for  this,  a  collision 
and  damage  to  both  scow  and  dredge  is  inevitable.  Such  accidents, 
however,  do  not  happen  where  the  original  boiler  pressure  is  car- 
ried, for  the  speaker  always  aims  to  have  sufficient  hoisting  power 
to  start  the  dipper  from  any  position. 

To  overcome  these  objections,  of  late  years,  the  speaker  has  been 
recommending  the  straight  drum  of  large  diameter,  and  with  gears 
properly  proportioned  to  give  the  correct  digging  effort  and  speed. 
With  a  drum  of  this  type  the  available  power  will  not  be  affected 
materially  by  the  depth  of  digging,  and  the  engine  can  be  readily 
designed  so  as  to  accelerate  rapidly  and  run  at  higher  speed  the 
moment  the  dipper  finishes  its  cut  and  the  comparatively  easy  work 
of  hoisting  the  load  begins. 

One  of  the  chief  obstacles  to  the  straight  drum  of  large  diameter 
has  been  its  increased  initial  cost.  The  larger  drum  calls  for  more 
powerful  friction  clutches  and  brakes,  and  requires  also  heavier  and 
more  powerful  gearing.  This,  translated  into  commercial  terms, 
means  increased  initial  cost,  and  usually  resolves  itself  into  a  ques- 
tion that  the  purchaser  decides  without  much  reference  to  the  engi- 
neering points  involved. 

The  use  of  twin  cables  running  side  by  side  has  been  advocated 
by  many,  and  tried  on  a  number  of  large  dredges,  as  a  solution  of 
the  hoisting  cable  question;  in  fact,  twin  cables  were  suggested  for 
use  on  the  Cascadas.  It  was  rejected  by  the  Government  engineers, 
after  careful  consideration.  The  chief  argument  against  the  use  of 
the  twin  cables  is  that  it  is  impossible  to  maintain  them  at  exactly 
the  same  length.  They  will  stretch  differently,  and  there  will  be 
slight  differences  in  the  off  lead  from  the  sheaves  to  the  drum  which 
will  also  tend  to  vary  their  length,  so  that  an  efficient  equalizing 
arrangement  is  necessary,  and,  with  the  machinery  as  arranged  in 
most  dredges,  the  only  place  for  this  equalizer  is  at  the  dipper  bail, 
where  the  space  available  will  not  permit  the  use  of  sheaves  of  large 
diameter;  with  sheaves  of  small  diameter,  the  life  of  the  twin  cables 
has  been  no  greater  than  that  of  the  single  cable,  and  the  cost  of  the 
twin  cables  has  been  greater. 

Swinging  Circle  and  its  Machinery. — The  swinging  circle  and  its 
machinery  are  of  the  usual  type  constructed  by  the  Bucyrus  Company. 
The  division  of  each  swinging  rope  into  two  parts,  to  facilitate  its  re- 
newal, and  to  conserve  incidentally  the  portion  that  receives  very 
little  wear,  is  so  simple  an  improvement  that  it  seems  remarkable  that 
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Mr.        no  one  had  ever  thought  of  it  before.     The  reason  for  this,  no  doubt, 
osewa  er.  ^g  ^j^^^  ordinarily  these  cables  are  changed-  so  infrequently  and  that 
there  is  usually  plenty  of  spare  time  to  make  this  change  while  the 
dredge  is  lying  idle,  that  no  one  ever  thought  of  making  an  improve- 
ment here  until  the  conditions  changed  as  they  did  at  Panama. 

The  mechanism  for  controlling  the  throttle-valve  and  reversing  the 
swinging  engines  with  a  single  lever  is  new.  On  the  older  and 
smaller  dredges  this  was  effected  by  merely  connecting  the  links  and 
the  throttle  to  the  same  lever  system,  but,  on  the  larger  dredges,  the 
links  require  too  much  power  to  permit  them  to  be  operated  in  this 
manner.  On  these  dredges,  therefore,  the  links  are  reversed  by  a  steam 
cylinder  the  direction  of  motion  of  which  is  controlled  by  a  special 
slide-valve.  The  arrangement  used  connects  this  controlling  slide- 
valve  with  the  lever  system  controlling  the  throttle-valve  in  such  a  way 
that,  starting  from  the  central  or  neutral  position  of  the  operating 
handle,  the  movement  of  the  handle  in  either  direction  causes  the  links, 
during  the  first  portion  of  the  lever  travel,  to  be  placed  in  correct 
position  corresponding  to  the  direction  in  which  the  handle  has  been 
moved,  and  further  movement  of  the  handle  then  no  longer  affects  the 
position  of  the  links,  but  serves  only  to  regulate  the  throttle-valve. 
This  arrangement  has  been  highly  successful,  and  provides  a  safe 
and  practically  fool-proof  method  for  controlling  both  the  direction 
and  the  speed  of  swinging  by  using  a  single  hand  lever.  The  only 
error  the  operator  can  make  is  to  move  his  lever  the  wrong  way  thereby 
starting  the  boom  to  swing  in  the  opposite  direction  from  that  in- 
tended, but,  as  the  lever  requires  no  power  for  its  operation,  he  can 
usually  discover  his  error  and  correct  it  before  any  serious  damage 
is  done.  A  similar  mechanism  is  also  used  for  controlling  the  direc- 
tion and  speed  of  travel  of  the  forward  spuds, 

BacUng  Engine.— 'Kr.  Berdeau  states  that  the  diameter  of  the 
backing  drum  is  too  small  for  its  rope.  This  has  been  the  case  in 
practically  all  dredges,  and  is  caused  by  the  fact  that,  originally,  a 
chain  was  used  for  this  purpose,  and  was  still  retained  even  after  the 
hoisting,  swinging,  and  spud  handling  chains  were  discarded  for  wire 
cables.  The  substitution  of  a  cable  for  the  backing  chain,  therefore, 
is  only  of  comparatively  recent  date.  When  this  change  was  made  on 
the  existing  dredge,  it  was  usually  effected  by  salvaging  the  better  part 
of  a  worn-out  hoisting  or  swinging  cable,  and  this  could  easily  be  done, 
as  the  backing  cable  is  only  90  or  100  ft.  long.  This  cable  was  then 
used  on  the  drum  which  had  previously  wound  the  chain,  and  m  this 
way  the  extremely  small  ratio  of  drum  to  cable  diameters  was  estab- 
lished, and,  as  the  results  were  comparatively  satisfactory,  especially 
where' old  pieces  of  other  cables  were  used,  there  was  no  incentive  to 
change  the  ratio,  and,  even  on  new  dredges,  this  small  ratio  was  re- 
tained when  the  purchaser  discovered  that  the  use  of  a  larger  drum. 
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with  its  larger  gears,  clutches,  and  brakes,  added  a  few  hundred  dollars        Mr. 
to  the  initial  cost  of  the  machinery.  Rosewater. 

Forward  Spud  Machinery. — The  chief  improvement  in  the  forward 
spud  machinery  consists  in  the  use  of  four-part,  in  place  of  two-part, 
blocks,  for  handling  the  spuds.  The  necessity  for  this  was  brought 
about  by  the  demand  in  recent  years  for  dredges  having  booms  which 
could  swing  through  a  total  of  180  degrees.  On  the  older  dredges,  the 
maximum  swing  seldom  exceeded  120°,  and  with  the  increase  to  180° 
in  the  arc  of  swing  it  was  soon  discovered  that  greater  loads  were 
placed  on  the  forward  spuds,  so  that,  to  permit  the  dredge  to  dig  with 
the  boom  swung  to  its  limit,  four  parts  of  cable  were  required  to  carry 
the  load. 

On  the  older  dredges,  using  only  two  parts  of  cable  on  the  forward 
spuds,  it  was  a  comparatively  simple  matter  to  renew  the  cable,  or 
even  to  change  spuds,  so  that  no  one  felt  warranted  in  incurring  the 
additional  expense  of  providing  a  gallows  frame  for  handling  these 
spuds  from  their  tops.  When  the  four-part  spud  hoists  were  tried  out 
on  the  Panama  dredges,  however,  it  was  soon  discovered  that  as  the 
reaving  of  a  new  rope  and  the  changing  of  spuds  was  very  slow  and  diffi- 
cult work,  the  use  of  an  overhead  gallows  frame  would  be  well  worth  its 
additional  cost,  and,  for  this  reason,  it  was  adopted  on  the  Cascadas. 

Mr.  Berdeau  points  out  that  they  are  experiencing  some  trouble 
with  the  stern  spud  machinery  because  of  the  wear  of  the  saddle-block 
parts  that  hold  this  spud  in  proper  relation  to  the  pinion  with  which 
it  is  hoisted  and  lowered.  This  trouble  no  doubt  could  be  overcome 
by  improving  the  design  of  the  saddle  block  and  substituting  rollers 
for  the  slide-plates.  If  wire  ropes  were  used  for  handling  this  spud, 
the  service  of  a  saddle  block  could  be  dispensed  with,  but  wire  ropes 
have  not  proved  satisfactory  for  this  purpose  on  deep-digging  dredges. 
The  chief  objection  to  their  use  has  been  that  they  work  so  smoothly  and 
noiselessly  that  the  operator  allows  the  spud  to  fall  altogether  too 
fast,  and  when  he  attempts  to  check  its  speed  it  frequently  has  gained 
enough  momentum  to  break  the  rope  or  to  tear  out  the  connections  for 
the  rope,  and,  when  this  happens,  the  services  of  a  diver  are  necessary 
to  make  repairs.  Where  the  rack  and  pinion  are  used  for  handling 
this  spud,  the  work  is  not  done  so  smoothly  and  quietly,  the  result 
being  that  the  noise  usually  serves  to  prevent  the  operator  from  letting 
this  spud  travel  too  fast. 

Deck  Fittings. — The  two  three-drum  winches  used  for  moving  scows 
are  a  very  important  part  of  the  deck  equipment,  and  it  was  through 
their  use  that  the  dredges  were  supplied  with  a  substantially  continuous 
string  of  scows.  In  addition  to  these  deck  winches,  there  were  also 
added  two  steam  capstans,  near  the  stern  of  the  dredge,  which  were 
used  for  bringing  empty  scows  up  alongside  and  within  reach  of  the 
lines  from  the  other  winch.     These  capstans  were  also  useful  when  it 
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Mr.        was  necessary  to  turn  the  scows  end  for  end,  in  order  to  load  both  ends 
Rosewater.  „jr  ,i 

of  the  SCOW. 

Boiler  and  Fittings. — Special  care  was  taken  in  the  design  of  the 
steam  piping  and  the  fittings,  so  as  to  have  everything  as  nearly  per- 
fect and  complete  as  possible.  The  boilers  burn  crude  oil,  using  the 
Dahl  patent  mechanical  oil  burners,  which  burn  the  oil  under  pressure, 
so  that  no  steam  is  required  for  atomizing  it. 

House  and  Cahin  Construction. — Everything  in  connection  with 
the  house  and  cabins  was  given  a  great  deal  of  thought  and  attention, 
and  all  plans  were  forwarded  to  the  officials  at  Panama  for  approval, 
so  as  to  insure  their  serviceability  for  the  climatic  conditions  on  the 
Canal,  and  also  to  meet  correctly  the  requirements  for  the  "gold"  and 
"silver"  crew  quarters. 

Hull. — The  decision  to  widen  the  hull  for  the  Cascadas  was  brought 
about  by  the  fact  that,  in  maneuvering  the  other  dredges,  it  was  es- 
sential to  keep  the  boom  pointing  straight  ahead,  especially  if  all  the 
spuds  had  been  raised  high  in  the  air.  The  operating  levers  are  prop- 
erly labeled  to  show  what  each  controls,  but,  even  so,  in  the  haste  with 
which  work  is  being  done,  there  is  always  the  possibility  that  the 
operator  may  pull  the  wrong  lever  at  the  wrong  time,  and  if,  under 
such  conditions,  he  should  happen  to  swing  the  boom  clear  to  the  side, 
it  might  be  possible  to  overturn  the  dredge.  On  the  first  two  dredges 
the  spuds  are  outside  of  the  hull  proper  and  project  about  5^  ft.  on  each 
side.  It  was  decided,  therefore,  to  widen  the  hull  by  just  this  amount. 
This  enabled  the  builders  to  provide  space  for  the  third  boiler,  and 
has  resulted  in  a  dredge  that  has  sufficient  transverse  stability  to  with- 
stand safely  the  swinging  of  the  boom  to  the  corner,  even  when  the 
spuds  are  in  their  highest  position.  It  may  be  added  that  this  ap- 
parent lack  of  stability  on  the  earlier  dredges  and  also  on  the  Toledo 
was  well  understood  by  the  builders  and  the  operators,  and  that  it  is 
customary  to  take  the  necessary  precautions  to  prevent  an  accident  of 
this  kind.  In  the  past,  the  objection  to  using  a  wider  hull  has  been 
based  on  the  size  of  the  locks  of  the  Welland  Canal.  These  will  not 
pass  anything  wider  than  44  ft.,  and,  consequently,  for  dredges  built 
in  America,  there  is  usually  a  clause  in  the  specifications  to  the  effect 
that  the  dredge  may  be  stripped  down  to  this  width. 
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Pegram,  T.  Kennard  Thomson,  Edward  Wegmann,  and  Howard 
Constable. 

Synopsis 

The  work  under  the  Manhattan  Elevated  Railway  Improvements 
was  authorized  in  1913,  and  involved  in  general  the  addition  of  a  single 
continuous  express  track,  with  express  stations,  to  the  Second,  Third, 
and  Ninth  Avenue  elevated  railway  lines  in  the  City  of  New  York, 
operated  by  the  Interborough  Rapid  Transit  Company.  The  work 
included  the  building  of  23  miles  of  single-track  elevated  structure, 
the  erection  of  about  50  000  tons  of  steel,  the  building  of  638  founda- 
tions, and  the  construction  or  reconstruction  of  40  stations,  most  of 
the  work  being  in  city  streets  often  congested  with  traffic.  The  traffic 
on  the  elevated  railway  lines  was  maintained  according  to  the  regular 
schedule  throughout  the  period  of  reconstruction. 

After  giving  a  short  history  of  elevated  railroad  construction  in 
New  York  City,  the  paper  describes  first  the  design  of  the  steel  struc- 
ture, the  details  of  which  were  worked  out,  keeping  in  mind  the 
necessity    of    making    possible    the    erection    without    interruption    of 

*  Presented  at  the  meeting  of  February  6th,  1918. 


552  MANHATTAN   ELEVATED   RAILWAY   IMPROVEMENTS 

traffic.  Next  is  described  the  foundation  work,  which  not  only  included 
the  building  of  foundations  in  new  locations,  but  also  the  removal  and 
reconstruction  of  foundations  under  the  existing  structure  carrying 
traffic.  The  method  of  erection  is  next  described,  involving  in  several 
cases  partial  or  complete  removal  of  the  existing  structure  and  replac- 
ing it  with  a  new  structure,  and  at  all  times  maintaining  traffic.  The 
work  also  involved,  at  certain  places,  raising  the  existing  structure 
and  moving  it  sidewise,  while  trains  were  being  operated,  and  the 
replacement  of  a  three-span  bridge  across  the  Harlem  River  with  a 
new  bridge.  The  paper  also  describes  the  reconstruction  of  the  sta- 
tions, including  the  two  standard  types  of  express  stations  used:  the 
"hump"  type,  which  required  the  center  track  to  be  raised  above  the 
level  of  the  local  tracks  so  that  the  platforms  for  serving  the  express 
track  could  be  placed  above  the  local  tracks,  and  the  "mezzanine"  type, 
which  had  two  island  platforms  and  a  mezzanine  station  under  the 
level  of  the  tracks.  The  paper  further  describes  the  plant,  the  method 
of  selecting  the  contractors,  and  the  cost  of  the  work;  and,  finally,  an 
account  is  given  of  the  accidents  that  happened  during  the  work. 


History  of  the  Manhattan  Railway  Company's  System. 

Elevated  railroad  construction  in  New  York  City  was  commenced 
on  July  1st,  1867,  when  "The  West  Side  and  Yonkers  Railway  Com- 
pany" started  to  erect  an  experimental  section  on  Greenwich  Street 
between  Battery  Place  and  Cortlandt  Street.  This  section  was  com- 
pleted on  July  2d,  1868,  and  was  a  single-track  railroad.  The  line  was 
extended  as  a  single-track  road  through  Greenwich  Street  and  Ninth 
Avenue  to  30th  Street  during  the  following  2  years,  and  was  opened 
for  traffic  on  February  14th,  1870.  The  structure  was  on  the  east  side 
of  the  street  through  Greenwich  Street  and  on  the  west  side  through 
Ninth  Avenue.  The  trains  were  operated  by  an  endless  chain,  driven 
by  stationary  engines  below  the  surface  of  the  street,  at  Cortlandt, 
Franklin,  Bank,  and  Twenty-second  Streets. 

This  method  of  traction  did  not  prove  successful,  and  traffic  was 
abandoned  in  November,  1870,  but  was  resumed  again  on  April  20th, 
1871,  using  a  dummy  engine,  the  "Pioneer",  weighing  5  tons  and  draw- 
ing three  cars. 


MANHATTAN   ELEVATED   RAILWAY   IMPROVEMENTS  553 

In  the  fall  of  1871  the  bondholders  of  the  Company  organized  under 
the  General  Railroad  Laws  as  "The  New  York  Elevated  Railroad 
Company." 

In  October,  1872,  the  company  issued  a  circular,  in  which  it  was 
stated : 

a*  *  *  -^g  j^Q^  |.g].g  j^jj(j  receive  passengers  at  Morris,  Dey, 
Canal,  Twelfth,  and  Twenty-ninth  Streets,  We  run  four  unique, 
elegantly  finished  and  furnished  cars,  made  expressly  for  our  road, 
capable  of  seating  44  passengers  each,  and  we  take  no  more  than  can 
be  seated.  We  are  frequently  compelled  to  refuse  passengers  after  o\ir 
cars  are  full.  We  carry  about  1  300  daily.  *  *  *  We  believe  we 
are  developing  what  will  enhance  the  value  of  real  estate,  solve  the 
problem  of  quick  transit,  relieve  our  over-crowded  streets  and  side- 
walks, be  of  great  public  service,  and  a  successful  paying  enterprise. 

During  the  following  years,  the  line  was  gradually  extended  north- 
ward on  Ninth  Avenue,  in  1873  to  34th  Street,  in  1875  to  42d  Street, 
and  in  1876  to  59th  Street.  In  1877  a  double-track  extension  was  built 
to  South  Ferry,  and  during  1878  a  double  track  was  completed  and 
opened  for  traffic  over  the  whole  line.  At  the  same  time  the  rolling 
stock  was  increased,  consisting,  in  1874,  of  10  cars  and  6  engines  and, 
in  1876,  of  21  cars  and  15  engines. 

The  original  structure  on  the  east  side  of  Greenwich  Street  and  on 
the  west  side  of  Ninth  Avenue  between  Battery  Place  and  59th  Street 
was  torn  down  in  sections  and  replaced  by  a  new  structure,  which  was 
completed  in  May,  1880. 

In  October,  1877,  the  New  York  Elevated  Railroad  Company  com- 
menced the  construction  of  the  Third  Avenue  Line,  and  opened  it  for 
traffic  on  August  26th,  1878,  between  South  Ferry  and  42d  Street. 
The  line  was  extended  and  opened  for  traffic  to  129th  Street  before 
the  end  of  the  year.  The  42d  Street  branch  to  Grand  Central  Sta- 
tion was  also  opened  in  August,  1878;  the  City  Hall  branch,  from 
Chatham  Square  to  City  Flail,  was  completed  in  March,  1879,  and  the 
34th  Street  branch  to  the  East  River  was  opened  in  July,  1880. 

Another  company,  the  Metropolitan  Railway  Company,  formerly 
called  the  Gilbert  Elevated  Railway  Company,  in  the  spring  of  1876 
commenced  to  construct  what  is  now  called  the  Sixth  Avenue  Line, 
between  Morris  Street  and  59th  Street,  but  became  involved  in  legal 
difficulties,  and  the  road  was  not  opened  until  June,  1878.     The  same 
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company  opened  the  line  through  53d  Street  from  Sixth  to  Ninth  Ave- 
nues and  the  line  in  Ninth  and  Eighth  Avenues  from  59th  to  155th 
Streets  in  1878. 

The  Metropolitan  Elevated  Railway  Company  also  constructed 
an  east-side  line  from  Chatham  Square  through  Division  Street,  Allen 
Street,  and  Eirst  Avenue  to  19th  Street,  which  was  opened  in  Sep- 
tember, 1879;  the  remainder  of  the  line — which  is  now  the  Second 
Avenue  Line — to  129th  Street,  was  opened  in  1880, 

In  May,  1879,  the  New  York  Elevated  Eailroad  Company  and 
the  Metropolitan  Elevated  Railway  Company  were  leased  to  the  Man- 
hattan Railway  Company  (first  organized  in  November,  1875),  for 
999  years,  ''in  order,  by  means  of  one  management,  to  avoid  dangers  of 
level  crossings  and  also  to  perfect  the  system  of  Rapid  Transit."  This 
was  known  at  the  time  as  the  Tripartite  Agreement  of  May  20th,  1879. 

The  authorized  rates  of  fares  at  that  time  were  10  cents  for  any 
distance  of  less  than  5  miles,  and  not  to  exceed  15  cents  for  a  through 
passage  between  the  Battery  and  the  Harlem  River,  except  on  "Com- 
mission Trains",  which  ran  between  5.20  and  7.20  A.  M.  and  between 
5  and  7  p.  m.,  when  the  corresponding  rates  were  5  and  7  cents.  The 
5-cent  fare  was  introduced  for  all  hours  on  all  lines  on  November  1st, 
1886.  It  is  interesting  to  note  that  as  early  as  January  20th,  1879, 
the  collection  of  tickets  by  the  conductors  was  abolished,  the  passengers 
on  and  after  that  date  depositing  their  tickets  in  the  ticket  boxes  pro- 
vided at  the  exit  gates,  on  leaving  the  trains.  This  was  changed  on 
June  21st,  1880,  to  the  present  method  of  depositing  the  tickets  in 
canceling  boxes  at  the  entrance. 

Another  elevated  railroad  company,  the  Suburban  Rapid  Transit 
Company,  was  originally  chartered  in  October,  1880,  but  did  not  com- 
mence construction  until  November,  1883,  when  the  work  on  the  founda- 
tions for  the  Harlem  River  Bridge  at  129th  Street  and  Second  Avenue 
was  started.  The  road  was  opened  for  traffic  between  128th  and  143d 
Streets  in  1886,  extended  to  166th  Street  and  Third  Avenue  in  1887, 
to  169th  Street  in  1888,  and  to  177th  Street  in  1891.  The  line  from 
177th  Street  to  Fordham  Road  was  opened  in  July,  1901,  and  from 
Fordham  Road  to  Bronx  Park  in  May,  1902. 

On  June  4th,  1891,  the  Manhattan  Railway  Company  assumed 
control  of  the  Suburban  Rapid  Transit  Company,  and  from  that  date, 
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therefore,  was  in  possession  of  all  the  elevated  lines  in  Manhattan  and 
The  Bronx. 

During  1899  to  1901,  the  whole  system  was  equipped  for  electric 
traction,  and  since  June  25th,  1903,  all  trains  have  been  run  by  elec- 
tric motive  power. 

On  April  1st,  1903,  the  Manhattan  Railway  Company  leased  the 
system  to  the  Interborough  llapid  Transit  Company,  which  since  then 
has  operated  the  lines. 

General  Description. 

Scope  of  Worh. — The  "Manhattan  Elevated  Improvements"  were 
authorized  by  a  certificate,  dated  March  19th,  1913,  issued  by  the  Pub- 
lic Service  Commission  of  the  First  District,  State  of  New  York,  to 
the  Manhattan  Railway  Company,  and  formed  part  of  a  compre- 
hensive scheme  for  rapid  transit  railroads  in  the  City  of  New  York. 
"Manhattan  Elevated  Improvements"  involved  in  general  the  addition 
of  a  single  continuous  express  track,  with  express  stations,  to  the 
Second,  Third,  and  Ninth  Avenue  Elevated  Lines  of  the  Manhattan 
Railway  Company,  operated  by  the  Interborough  Rapid  Transit  Com- 
pany. 

Before  these  improvements  were  completed,  there  existed  in  certain 
places  on  all  the  lines  a  center-track  construction,  and  partial  express 
service  was  in  operation  on  the  Third  and  Ninth  Avenue  lines;  the 
"Manhattan  Elevated  Improvements"  provided  for  a  continuous  ex- 
press service  during  the  rush  hours,  down  town  in  the  morning  and 
up  town  in  the  evening.  Two  express  tracks,  of  course,  would  have 
been  better  than  one,  but  the  cost  of  providing  them  would  have  been 
prohibitive,  as  it  would  have  meant  actually  rebuilding  completely  the 
existing  lines,  and,  in  addition,  it  is  doubtful  if  a  permit  would  have 
been  granted  for  a  continuous  four-track  structure,  on  account  of  the 
objections  of  property  owners.  The  single  express  track  serves  the 
purposes  for  which  it  was  intended,  namely,  to  carry  the  largest  num- 
ber of  people  speedily  to  and  from  their  places  of  business,  and  to 
relieve  congestion  on  the  existing  tracks.  The  congestion  is  never  due 
to  the  operation  of  trains  on  the  running  track,  but  entirely  to  the 
stopping  at  stations;  the  more  passengers  there  are  to  take  or  leave 
a  train  at  a  platform,  the  longer  the  train  has  to  stop  at  the  station ;  if 
the  number  of  passengers  reaches  more  than  a  certain  limit,  the  length 
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of  the  stop  increases  at  a  much  greater  ratio  than  the  number  of  pas- 
sengers. The  single  express  track  relieves  the  condition  by  doubling 
the  platform  capacity  for  train  service  at  the  points,  and  at  the  time, 
of  greatest  congestion.  The  express  trains,  of  course,  return  on  the 
local  tracks,  but,  as  they  return  empty,  in  the  direction  of  light  traffic, 
uo  congestion  is  produced  by  them. 

Track  Changes  at  Junction  Points  and  Terminals. — As  just  stated, 
the  general  purpose  of  the  work  was  to  provide  a  single  continuous 
express  track  in  addition  to  the  existing  local  tracks.  This  work,  how- 
ever, involved  generally  at  junction  points  and  terminals,  extensive 
track  changes,  which  again  necessitated  considerable  changes  in  the 
structure.  This  applies  particularly  to  the  junction  points  at  Chatham 
Square,  at  129th  Street  and  Second  Avenue,  at  53d  Street  and  Ninth 
Avenue,  and  to  the  terminals  at  City  Hall  and  at  155th  Street  and 
Eighth  Avenue. 

At  Chatham  Square,  the  Second  and  Third  Avenue  Lines  intersect. 
Before  the  reconstruction,  the  Second  Avenue  trains  continued  to 
South  Ferry  and  the  Third  Avenue  trains  either  to  South  Ferry  or 
City  Hall.  There  was  a  station  just  north  of  Chatham  Square,  in  the 
Bowery,  for  all  Third  Avenue  trains,  and  another  at  the  east  side  of 
Chatham  Square  for  all  South  Ferry  trains.  It  was  desired,  as  a  part 
of  the  reconstruction  work,  to  continue,  in  addition,  the  Second  Avenue 
Line  to  City  Hall.  The  express  tracks,  both  on  the  Second  and  Third 
Avenue  Lines,  stop  just  north  of  Chatham  Square,  but,  nevertheless, 
the  new  track  layout  contains  eight  tracks  through  Chatham  Square, 
two  of  which  are  overhead  in  order  to  avoid  the  dangers  and  delays 
due  to  grade  crossings.  The  new  track  layout  in  this  vicinity  is  shown 
on  Fig.  1.  Commencing  at  City  Hall  Station,  the  Third  Avenue 
tracks  run  on  the  lower  deck  past  a  new  island  platform  at  the  west 
side  of  Chatham  Square.  Just  north  of  this  platform  they  divide  into 
three  tracks — one  for  the  express  trains — and  continvie  north  through 
the  Bowery.  The  Second  Avenue  tracks  start  on  the  upper  deck  at 
City  Hall  Station,  but  come  down  to  the  lower  grade  when  reaching 
Chatham  Square,  and  run  past  a  platform  parallel  to  the  Third  Avenue 
City  Hall  platform  into  Division  Street,  where  they  divide  into  three 
tracks — one  for  the  express  trains.  On  the  South  Ferry  Branch,  the 
Second  Avenue  Line  takes  the  old  tracks  past  the  old  station  at  the 
east  side  of  Chatham   Square  and  connects  with  the  Second  Avenue 
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tracks  from  City  Hall  at  Division  Street.  The  Third  Avenue  tracks 
from  South  Ferry  turn  out  from  the  old  tracks  just  north  of  Franklin 
Square  Station  and,  rising  above  the  grade  of  the  old  tracks,  run  past 
a  new  platform  above  the  platform  of  the  old  east  station  at  Chatham 
Square,  and,  after  crossing  above  the  Second  Avenue  Line,  run  into 
the  Bowery  between  the  local  and  express  tracks  connecting  to  City 
Hall,  and  after  descending  to  the  level  of  these  tracks,  connect  with 
them  just  south  of  Canal  Street  Station. 

Another  junction  of  the  Second  and  Third  Avenue  Lines  occurs 
at  129th  Street  and  Second  Avenue  (see  Plate  VIII).  At  129th  Street 
there  is  also  a  yard  for  the  Second  and  Third  Avenue  trains.  From 
north  of  125th  Street  Station  on  the  Third  Avenue  Line  to  129th 
Street  there  existed,  before  the  reconstruction,  three  tracks,  the  center 
one  being  the  up-town  main  track  and  the  east  one  a  yard  track.  It 
was  desired  to  retain  these  and  to  add  an  express  track.  The  new 
express  track  is  overhead,  and  starts  to  rise  south  of  125th  Street 
Station,  which  is  an  express  station,  and  continues  above  the  center 
track  to  129th  Street  and  through  129th  Street  above  the  existing 
platform  and  tracks  to  a  junction  with  the  upper  deck.  Second  Avenue 
tracks.  In  Second  Avenue  a  three-track  line  continues  to  the  north 
end  of  the  new  125th  Street  Station.  At  this  point  the  three  tracks 
divide  into  four,  the  two  outside  continuing  on  the  lower  deck 
and  connecting  with  the  yard  and  with  the  local  tracks  of  the 
Third  Avenue  Line.  The  two  inside  tracks  rise  above  the  grade 
of  the  lower  deck  and  connect  with  the  express  track  of  the  Third 
Avenue  Line.  This  four-track  line,  at  129th  Street  and  Second  Avenue, 
then  runs  across  the  New  Harlem  River  Bridge,  with  two  of  the  tracks 
on  the  lower  and  two  on  the  upper  deck,  and  continues  thus  as  a  double- 
deck,  four-track  line  to  145th  Street,  where  a  new  two-track  branch 
is  built  to  connect  the  two  upper  tracks  with  the  West  Farms 
Branch  of  the  Subway.  The  two  upper-deck  tracks  then  converge  into 
one,  coming  down  to  the  grade  of  the  local  tracks  at  147th  Street. 

At  5od  Street  and  Ninth  Avenue,  the  Sixth  Avenue  Line  forms  a 
junction  with  the  Ninth  Avenue  Line.  Formerly,  tlie  express  track  on 
the  Ninth  Avenue  Line  intersected  the  south-bound  local  track  on  the 
Sixth  Avenue  Line.  This  grade  crossing  was  eliminated  by  raising  the 
express  track  above  the  grade  of  the  local  tracks. 
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The  terminal  station  at  City  Hall  served  formerly  only  the  Third 
Avenue  Line.  The  terminal  facilities  consisted  of  two  tracks  with  a 
center  platform  and  two  side  platforms.  These  facilities  were  dupli- 
cated on  an  upper  level  directly  above  the  existing  terminal  station, 
to  serve  the  Second  Avenue  Line,  and  necessitated  practically  a  com- 
plete rebuilding  of  the  structure  at  this  point. 

The  Ninth  Avenue  Line  terminates  at  159th  Street,  where  there  is  a 
Company  Yard.  The  terminal  station  was  formerly  at  155th  Street, 
and  this  also  formed  the  terminal  of  the  Putnam  Division  of  the 
New  York  Central  Railroad.  A  connection  of  the  Ninth  Avenue 
Line  with  a  new  rapid  transit  line  in  Jerome  Avenue  is  now  being 
built,  and,  when  it  is  completed,  the  terminal  of  the  Putnam  Divi- 
sion will  be  removed  to  the  other  side  of  the  Harlem  River,  and 
the  Elevated  Railroad  trains  will  run  across  the  Putnam  Bridge. 
The  old  station  at  155th  Street  had  two  side  platforms,  with 
adjacent  tracks  and  a  center  track.  North  of  the  station  two  of  the 
tracks  continued  to  the  yard.  The  new  arrangement  cannot  be  com- 
pleted until  the  Putnam  Terminal  is  abandoned.  There  will  be,  when 
completed,  two  new  island  platforms  between  155th  and  157th  Streets, 
each  platform  having  two  adjacent  tracks,  and  in  addition  a  fifth, 
which  is  a  yard  track,  on  the  west  side  of  the  structure  to  the  south 
end  of  the  station  platforms.  At  present  the  three  westerly  tracks  and 
the  west  platform  are  completed  and  in  operation.  When  all  the  work 
is  completed,  the  west  platform  will  be  used  as  a  terminal  platform  and 
the  east  platform  for  the  through  trains.  In  order  to  carry  the  north- 
bound trains  to  the  terminal  platform  without  a  grade  crossing,  the 
express  track  is  raised  south  of  the  station  and  the  north-bound  local 
track  is  divided  into  two  branches,  one  of  which  runs  under  the  ex- 
press track  to  the  west  side  of  the  structure.  The  express  track  is 
brought  down  to  grade  again  immediately  before  reaching  the  station 
platforms. 

Express  Stations. — Although,  in  a  number  of  cases,  local  conditions 
required  express  stations  of  special  types,  two  standard  types  were  used 
whenever  the  conditions  permitted : 

The  one  type  which  required  entire  rebuilding  of  the  existing 
station,  has  two  island  platforms,  with  the  express  track  between  the 
platforms,  and  a  mezzanine  station  below  the  track  structure,  and  was 
used  when  the  head-room  was  sufiicient  to  place  the  mezzanine  station 
under  the  structure.     The  tracks,  which  have  a  standard  spacing  of  12 
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ft.,  are  spread  at  the  location  of  the  station  so  as  to  make  room  for  two 
pUitforms.  The  west  platform  is  used  for  down-town  traffic  only,  the 
local  trains  discharging  and  receiving  passengers  on  the  west  side  of  the 
platform  and  the  express  trains  on  the  east  side.  The  up-town  ex- 
press train  receives  and  discharges  passengers  on  the  west  side  of 
the  east  platform  and  the  up-town  local  trains  on  the  east  side.  Stairs 
provide  connection  between  the  platforms  and  the  mezzanine  station, 
which  occupies  the  space  under  the  track  structure  between  two 
adjacent  bents,  and  contains  the  ticket  office,  waiting-rooms,  toilet- 
rooms,  and  heater-rooms.  Stairs  connect  the  mezzanine  station  with 
the  street. 

The  other  standard  type  is  the  "hump"  station,  which  was  used 
when  sufficient  head-room  could  not  be  obtained  to  place  a  mezzanine 
station  under  the  structure.  This  type  of  construction  was  conceived 
by  George  H.  Pegram,  President,  Am.  Soc.  C.  E.,  and  provided  a  simple 
and  efficient  method  of  obtaining  the  necessary  platform  facilities  for 
the  express  service.  Before  the  reconstruction,  such  a  station  had  two 
side  platforms,  one  for  up-town  and  one  for  down-town  local  traffic. 
In  order  to  provide  access  to  and  from  platforms  for  the  express  track, 
the  grade  of  the  center  track  was  raised  above  that  of  the  local  tracks 
so  that  platforms  to  serve  this  track  could  be  built  above  the  local 
tracks.  The  standard  car  clearance  required  is  14  ft.  6  in.  from  the 
base  of  rail;  the  construction  height  of  the  express  platform  deck  was 
made  as  shallow  as  possible,  in  order  to  obtain  the  least  possible  dis- 
tance for  the  passengers  to  ascend.  The  necessary  construction  height 
was  about  1  ft.,  and,  as  the  standard  height  of  the  platform  above  the 
base  of  rail  is  3  ft.  11  in.,  the  grade  of  the  express  track  was  con- 
structed about  11  ft.  6  in.  above  the  local  tracks.  The  grade  of  the  ex- 
press track  was  kept  parallel  to  that  of  the  local  tracks,  and  the 
approaches  were  constructed  with  a  maximum  grade  of  about  3%  and 
with  vertical  curves  changing  the  grade  1%  in  100  ft.,  corresponding 
to  a  curve  of  10  000  ft.  radius.  Two  stairways  generally  connect  each 
platform  with  the  corresponding  local  platforms.  No  additional  sta- 
tion building  rooms  were  required,  as  the  old  buildings  contained  all 
necessary  facilities. 

Work  Divided  into  Sections. 

For  executive  purposes,  the  work  under  "Manhattan  Elevated  Im- 
provements" was  divided  into  a  number  of  sections  as  shown  on  Fig.  2. 
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As  the  type  of  structure  and  the  class  and  condition  of  the  work  varied 
greatly,  the  description,  for  the  sake  of  clearness,  will  be  made  for 
each  section  separately.  The  location  of  each  section  and  the  work 
involved  is  as  follows: 

Section  No.  1. — This  comprised  the  reconstruction  of  the  Third 
Avenue  Line  on  Park  Row  from  the  terminus  at  City  Hall  to  Chatham 
Square,  a  total  length  of  1  960  ft.,  and  on  New  Bowery  from  near 
Franklin  Square  to  near  Division   Street,  a  total  length  of  1  840  ft. 

The  reconstruction  in  Park  Row,  including  the  City  Hall  Station, 
was  practically  a  replacement  of  the  old  two-track  structure  with  a 
new  four-track  structure,  only  some  track  stringers  and  platform  gird- 
ers of  the  old  structure  being  retained.  The  old  station,  just  north  of 
Chatham  Square,  which  served  all  Third  Avenue  trains,  was  removed, 
and  a  new  station  with  two  island  platforms  and  four  tracks  was  built 
in  Chatham  Square  south  of  the  old  location  to  serve  Third  and  Second 
Avenue  trains  to  City  Hall. 

The  work  in  New  Bowery  included  the  addition  of  a  two-track 
structure,  above  the  level  of  the  present  structure,  supported  on  new 
cross-girders  carried  by  the  existing  columns,  and  the  reconstruction 
of  the  South  Ferry  Branch  Station  at  Chatham  Square  to  provide  a 
train  platform  for  the  new  Third  Avenue  Line  upper-grade  tracks, 
while  the  lower-level  tracks  served  the  Second  Avenue  Line. 

The  work  also  included  the  replacing  of  52  existing  column  founda- 
tions with  larger  and  deeper  ones  to  carry  the  additional  weight. 

Section  No.  2-A. — This  comprised  the  reconstruction  of  the  Third 
Avenue  Line  in  the  Bowery  from  Chatham  Square  to  a  point  north 
of  Delancey  Street,  a  total  length  of  2  531  ft.,  and  involved  the  replace- 
ment of  the  existing  structure  with  a  new  five-track  structure  from 
Chatham  Square  to  Canal  Street  and  a  three-track  structure  from 
Canal  Street  to  Delancey  Street.  It  included  the  building,  at  Canal 
and  Grand  Streets,  of  new  express  stations  to  take  the  place  of  old 
ones.  Practically  all  the  old  structure  was  removed,  the  principal 
exception  being  the  retention  of  a  few  of  the  old  track  stringers  south 
of  Canal  Street.  In  addition  to  this  work,  17  old  column  foundations 
on  this  section  were  replaced  with  new  foundations. 

Section  No.  2-B. — This  comprised  the  complete  replacement  of  the 
old  Third  Avenue  elevated  structure  in  the  Bowery  from  a  point  north 
of  Delancey  Street  to  Fifth  Street,  a  total  length  of  2  728  ft.     The  old 
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structure  consisted  of  two  single-track  lines,  each  supported  on  a 
single  row  of  columns  at  the  curb  lines  of  the  sidewalks.  The  new 
structure,  which  carries  three  tracks,  is  supported  on  a  double  row  of 
columns  in  the  roadway.  The  work  in  this  section  also  involved  the 
construction  of  a  new  express  station  to  take  the  place  of  the  old  one 
at  Houston  Street. 

Section  No.  3. — This  comprised  the  work  on  the  Third  Avenue  Line 
in  Third  Avenue  between  5th  and  116th  Streets.  It  included 
the  construction  of  5  104  lin.  ft.  of  track  structure  to  complete  the 
center  track,  a  portion  of  which  was  in  existence  prior  to  the  com- 
mencement of  this  work,  and  involved  placing  new  track  stringers, 
replacing  the  existing  cross-braces  with  new  cross-girders,  and  rein- 
forcing the  column  tops.  The  work  also  included  the  construction  of 
new  over-grade  express  stations  at  9th,  23d,  42d,  and  106th  Streets, 
involving  the  replacement  of  35  cross-girders  and  70  columns  under  the 
stations  with  new  and  heavier  material. 

Section  No.  l^-A. — This  comprised  the  completion  of  the  center 
track  on  the  Second  Avenue  Line  from  Chatham  Square  to  116th 
Street.  Portions  of  the  center  track  were  built  before  the  beginning 
of  this  work.  The  new  work  comprised  the  construction  of  23  382  lin. 
ft.  of  new  center-track  structure,  consisting  of  longitudinal  track 
girders  and  bracing,  and  rebuilding  the  stations  at  14th,  42d,  and  86th 
Streets,  to  provide  platforms  for  the  express  service,  and  the  recon- 
struction of  the  92d  Street  Station,  which  had  a  center  platform,  to 
provide  room  for  the  center  track. 

In  this  work  is  not  included  the  reconstruction  work  between  50th 
and  60th  Streets  to  connect  to  the  Queensboro  Bridge,  as  that  does  not 
form  part  of  the  "Manhattan  Elevated  Improvements." 

Section  No.  5-A. — This  comprised  the  work  to  be  done  on  the  Third 
Avenue  Line  from  116th  to  129th  Street,  and  in  129th  Street  between 
Third  and  Second  Avenues.  The  work  involved  the  construction  of  an 
over-grade  track  commencing  near  121st  Street,  connecting  with  the 
upper-grade  tracks  of  the  new  Harlem  River  Bridge  near  Second  Ave- 
nue, and  included  the  replacement  of  24  cross-girders  and  48  columns 
with  new  and  heavier  structures,  the  reconstruction  of  the  stations  at 
125th  and  129th  Streets,  and  the  replacement  of  26  column  foundations. 

Section  No.  5-B. — This  comprised  the  work  to  be  done  on  the 
Second    Avenue   Line   in    Second   Avenue   between    116th   and    129th 
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Streets,  and  included  raising  the  whole  structure  for  a  length  of  1  387 
ft.,  the  maximum  rise  being  7.5  ft.;  the  construction  of  a  new  express 
station  at  125th  Street  to  replace  the  existing  station  at  12Tth  Street, 
which  was  removed,  and  changing  the  three-track  structure  north  of 
126th  Street  to  a  four-track  structure,  with  two  of  the  tracks  connect- 
ing with  the  upper  deck  of  the  new  Harlem  River  Bridge  and  the 
other  two  tracks  connecting  with  the  Company's  Yard  at  128th  Street 
and  the  lower  deck  of  the  new  Harlem  River  Bridge. 

Section  No.  5-C. — This  comprised  the  replacement  of  the  Harlem 
River  Bridge  at  129th  Street  and  Second  Avenue,  consisting  of  two 
approach  spans,  each  about  103  ft.  long,  and  a  center  swing  span, 
about  248  ft.  long,  carrying  two  tracks,  with  a  new  double-deck  struc- 
ture, carrying  two  tracks  on  each  deck. 

Section  No.  5-D. — This  comprised  the  addition  of  two  upper-grade 
tracks  to  the  structure  from  the  north  end  of  the  Harlem  River  Bridge 
through  the  New  York,  New  Haven  and  Hartford  Railroad  Company's 
Yard  to  132d  Street,  and  through  the  Company's  Yard  and  property 
between  132d  and  133d  Streets.  The  new  tracks  were  supported  on  new 
columns,  which,  in  a  number  of  cases,  necessitated  cutting  the  existing 
cross-girders  of  the  lower-deck  structure. 

Section  No.  6- A. — This  comprised  the  work  required  on  the  Third 
Avenue  Line  from  133d  Street,  through  the  Company's  private  right 
of  way,  to  145th  Street  and  through  Third  Avenue  to  147th  Street. 
The  work  included  shifting  the  existing  south-bound  track  sidewise 
for  13  ft.  for  a  length  of  2  800  ft. ;  constructing  a  new  two-track  over- 
grade  structure  between  133d  and  143d  Streets;  reconstructing  the 
stations  at  133d,  138th,  and  143d  Streets,  and  constructing  an  over- 
grade  center  track  between  143d  and  147th  Streets;  and  involved  the 
building  of  new  piers  and  foundations. 

Section  No.  6-D. — This  comprised  the  work  on  the  Third  Avenue 
Line  between  147th  Street  and  Fordham  Road,  involving  the  com- 
pletion of  the  center  track  structure;  replacing  ten  island-platform 
stations  with  new  side-platform  stations;  reconstructing  three  stations 
as  express  stations ;  and  replacing  all  the  columns  supporting  the  struc- 
ture between  147th  and  177th  Streets  with  new  and  heavier  columns. 

Section  No.  7. — This  comprised  the  work  on  the  Ninth  Avenue  Line 
required  to  reconstruct  the  stations  at  66th,  116th,  125th,  and  145tb 
Streets  to  provide  a  continuous  center  track  and  express  platforms. 
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Section  No.  S-A. — This  comprised  the  work  on  the  Ninth  Avenue 
Line  required  to  construct  a  center  track  in  Greenwich  Street  from 
Cortlandt  to  9th  Street,  and  center  platforms  at  Cortlandt,  Warren, 
Desbrosses,  and  Christopher  Streets,  and  involved  the  construction  of 
10  540  lin.  ft.  of  new  track  structure,  consisting  of  track  stringers  and 
cross-girders;  reinforcement  of  column  tops;  the  replacement  of  154 
columns,  and  of  4  328  lin.  ft.  of  old  longitudinal  girders  with  new 
girders  for  the  existing  south-bound  track. 

Section  No.  S-B. — This  comprised  the  reconstruction  of  the  exist- 
ing stations  on  the  Ninth  Avenue  Line  at  14th  and  34th  Streets  to 
provide  platforms  for  the  express  track. 

Section  No.  S-C. — This  comprised  the  construction  of  an  over-grade 
crossing  of  the  Ninth  Avenue  express  track  over  the  junction  with 
the  Sixth  Avenue  tracks  at  53d  Street  and  Ninth  Avenue. 

Section  No.  10-B. — This  comprised  the  reconstruction  of  the  ter- 
minal station  of  the  Ninth  Avenvie  Line  at  155th  Street  and  Eighth 
Avenue,  and  involved  the  addition  of  an  over-grade  track  between 
150th  and  155th  Streets,  the  construction  of  two  island  platforms  be- 
tween 155th  and  157th  Streets,  and  the  reconstruction  of  the  track 
arrangement  between  154th  Street  and  the  Company's  Yard  at  159th 
Street.  A  portion  of  this  work  cannot  be  completed  until  the  structure 
on  the  east  side  of  Eighth  Avenue  north  of  155th  Street,  which  is 
occupied  by  the  Putnam  Division  of  the  New  York  Central  Railroad, 

is  vacated. 

Design  of  Steel  Structure. 

The  purpose  of  the  work  under  the  "Manhattan  Elevated  Improve- 
ments" was  to  improve  the  existing  traffic  facilities.  The  new  track 
arrangement,  therefore,  was  a  matter  of  first  consideration.  When 
that  was  settled,  the  existing  structure  was  surveyed  for  the  purpose 
of  determining  its  strength;  the  reinforcement  needed,  where  new 
loads  were  added;  the  dimensions  of  the  added  structure,  and  the 
methods  of  connections  between  new  and  old  work.  The  necessity 
of  maintaining  traffic  during  reconstruction  was  the  governing  feature 

in  the  design. 

Specifications  for  Design. 

The  specifications  for  loads  and  unit  stresses  for  the  additions  to 
the  structure  north  of  the  Harlem  River  were  different  from  those  for 
the   added   structure   in   Manhattan,   because   the   original    structures 
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were  built  under  dii?erent  specifications,  and  it  was  desired  to  keep 
the  stresses  in  the  old  and  new  structure  uniform.  The  specifications 
for  the  new  structure  added  to  the  elevated  lines  in  Manliattan  were 
as  follows : 

Dead  Load. — The  dead  load  shall  consist  of  the  estimated  weight 
of  the  entire  suspended  structure,  and  is  estimated  to  be  750  lb.  per 
lin.  ft.  of  track. 

Live  Load. — The  live  load  for  each  track  shall  consist  of  a  train 
of  cars  with  6-ft.  wheel  base,  33  ft.  from  center  to  center  of  trucks, 
and  15  ft.  from  center  to  center  of  adjacent  cars,  the  cars  having  20  000 
lb.  on  each  axle  of  the  north  truck  and  15  000  lb.  on  each  axle  of  the 
south  truck. 

The  live  load  for  canopy  roofs  shall  be  30  lb.  per  sq.  ft.,  and  for 
station  platforms,  80  lb.  per  sq.  ft. 

Lateral  Load. — Transverse  bents  shall  be  designed  for  a  force  of 
30  lb.  per  sq.  ft.  on  the  exposed  surface  of  all  trusses  and  the  floor,  as 
seen  in  elevation,  and  on  the  side  of  a  train  10  ft.  high,  beginning  3 
ft.  above  the  base  of  rail. 

Longitudinal  Force. — Transverse  bents  and  similar  structures  shall 
be  designed  for  a  longitudinal  force  of  10%  of  the  live  load  applied  to 
the  rail. 

Structures  on  curves  shall  be  designed  for  the  centrifugal  force 
of  the  live  load  acting  at  a  height  of  5  ft.  above  the  rail,  proper 
account  being  taken  of  the  super-elevation,  to  be  determined  by  the 
Engineer  for  each  case. 

W  v^ 

The  centrifuijal  force  is  /  =  ■ , 

g  r  ' 

in  which  /  =  pounds, 

V  =  velocity,    in   feet   per   second, 
W  =  weight,  in  pounds,  and 
r  =  radius,  in  feet. 

Unit   Stresses. — All   structures    designed   for    additional   tracks    or 

stations  on  existing  elevated  railroad  structures   in  Manhattan   shall 

be  proportioned  so  that  the  maximum  stress  in  axial  tension  on  the 

net  section  shall  not  exceed  9  000  lb.  per  sq.  in. 

I 
The  axial  compression  on  the  gross  section  is  9  000  —  40      , 

r 
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in  which  I  is  the  length  of  the  member,  and  r  is  the  least  radius  of 
gyration,  both  in  inches. 

No  column  smaller  than  12  in.  shall  be  used. 

Bending. — On  extreme  fibers  of  rolled  shapes,  built  sections,  and 
girders,  net  section,  9  000  lb.  Roof  work  shall  be  designed  for  a  fiber 
stress  of  12  000  lb.  per  sq.  in. 

Shearing.— Rivets     7  500  lb. 

Plate  girder  webs  (gross  section)  ...   7  500  " 
Bearing   15  000  " 

For  stiffeners,  ground  to  bear,  deduct  area  lost  by  grinding  for 
fillet,  in  calculating  effective  area  of  stiffeners. 

Bearing  on  Base  Plates. — For  direct  loads,  base  plates  of  columns 
shall  be  proportioned  for  a  pressure  of  300  lb.  per  sq.  in.  on  concrete 
(1:2^:5),  adding  50%  to  this  pressure  for  combined  direct  and  bending 
stresses. 

Bending. — On  extreme  fibers  of  rivets  and  pins,  15  000  lb. 

Members  subject  to  alternate  strains  of  tension  and  compression 
shall  be  proportioned  for  the  strain  giving  the  largest  section.  If  the 
ftlternate  strains  occur  in  succession  during  the  passage  of  one  train, 
as  in  stiff  counters,  each  strain  shall  be  increased  by  50%  of  the  smaller. 

Whenever  the  live  and  dead-load  strains  are  of  opposite  character, 
only  70%  of  the  dead-load  strain  shall  be  considered  as  effective  in 
counteracting  the  live-load  strain. 

Members  subject  to  both  axial  and  bending  strains  may  be  propor- 
tioned to  a  combined  fiber  strain  25%  in  excess  of  the  allowed  axial 
strain. 

For  strains  produced  by  longitudinal  and  lateral  or  wind  forces, 
combined  with  those  from  live  and  dead  load  and  centrifugal  forces, 
the  unit  strain  may  be  increased  50%  over  the  allowed  axial  strain. 
The  section,  however,  shall  not  be  less  than  that  required  if  the  longi- 
tudinal and  lateral  or  wind  forces  are  neglected. 

Plate  girders  shall  be  proportioned  either  by  the  moment  of  inertia 
of  their  net  section,  or  by  assuming  that  the  flanges  are  concentrated 
at  their  centers  of  gravity,  in  which  case  one-eighth  of  the  gross  section 
of  the  web,  if  properly  spliced,  may  be  used  as  the  flange  section. 

The  gross  section  of  the  compression  flange  of  the  plate  girders 
shall  not  be  less  than  the  gross  section  of  the  tension  flanges,  nor  shall 
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tlie  strain  per  square  inch  in  the  compression  flange  of  any  beam  or 
girder  exceed  12  000  —  200  — -,  in  which  L  =  the  unsupported  dis- 
tance, and  B  =  the  widtli  of  the  flange. 

The  flanges  of  plate  girders  shall  be  connected  to  the  web  with  a 
sufficient  number  of  rivets  to  transfer  the  total  shear  at  any  point  in  a 
distance  equal  to  the  effective  depth  of  the  girder  at  that  point  com- 
bined with  any  load  that  is  applied  directly  to  the  flange.  The 
wheel  load,  where  the  ties  rest  on  the  flanges,  will  be  assumed  to  be 
distributed  over  three  ties. 

Trusses  shall  preferably  have  a  depth  of  not  less  than  one-tenth 
of  the  span.  Plate  girders  and  rolled  beams,  used  as  girders,  shall 
preferably  have  a  depth  of  not  less  than  one-twelfth  of  the  span,  and 
if  shallower  trusses,  girders,  or  beams  are  used,  the  section  shall  be 
increased  so  that  the  maximum  deflection  will  not  be  greater  than  if 
the  above  limiting  ratio  had  not  been  exceeded. 

The  specifications  for  the  structure  north  of  the  Harlem  River 
varied  from  the  foregoing  as  follows : 

Dead  Load. — The  dead  load  shall  consist  of  the  estimated  weight 
of  the  entire  suspended  structure,  and  is  estimated  to  be  750  lb.  per 
lin.  ft.  of  track. 

Live  Load. — The  live  load  for  each  track  shall  consist  of  a  train  of 
cars,  the  cars  being  46  ft.  long,  32  ft.  from  center  to  center  of  trucks, 
14  ft.  from  center  to  center  of  trucks  of  adjacent  cars,  5  ft.  from  center 
to  center  of  wheels  of  the  same  truck,  having  25  000  lb.  on  each  of  the 
four   axles. 

The  live  load  for  canopy  roofs  shall  be  30  lb.  per  sq.  ft.,  and  for 
station  platforms,  80  lb.  per  sq.  ft. 

Unit  Stresses. — All  new  structures  shall  be  proportioned  so  that  the 
maximum  stress  in  axial  tension  on  the  net  section  shall  not  exceed: 

In  longitudinal  girders,  10  000  lb.  per  sq.  in. 

In  cross-girders,  12  500    "     "     "     " 

I 
Axial  compressions  in  columns 10  000-40  — 

I 
"  "  "  longitudinal  girders  ..11  000-40    - 

r 

I 
"  "  "  cross-girders 12  500-40  - 
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in  which  I  is  the  length  of  the  member,  and  r  is  the  least  radius  of 
gyration,  both  in  inches. 

No  column  smaller  than  12  in.  shall  be  used. 
Bending. — On  extreme  fibers  of  rolled  shapes,  built  sections,  and 
girders,  net  section: 

Longitudinal  girders 11  000  lb. 

Cross-girders 12  500  lb. 

Standards  for  Designs. — The  standard  overhead  clearance  is  14  ft. 
0  in.  above  the  top  of  rail,  and  the  side  clearance,  6  ft.  0  in.  from 
center  of  track,  except  at  platforms,  where  it  is  4  ft.  7^  in. 

The  standard  Manhattan  car  is  12  ft.  lOi  in.  high  and  8  ft.  9J  in. 
wide.    The  track  gauge  is  4  ft.  8^  in. 

Bending  Moments  in  Statically  Indeterminate  Bents. — All  cross- 
bents,  except  in  special  cases,  where  tower 
construction  could  be  obtained  were  gener-    ^^» 
ally  designed  to  resist  moments  both  at  the 
top  and  bottom  of  columns.     In  the  course 
of  the  design,  one,  two  and  three-story  bents 
were  encountered,   and  for  each  type  for- 
mulas for  the  moments  at  the  top  and  bot-  ^ 
tom  of  columns  were  worked  out.     As  the 
results  may  be  of  general  interest,  they  are 
noted  here  for  each  type  considered. 


^1 


'W^////. 


—h 

Fig.  3. 


Let /i 
h 

h 
F 


Then 


and 


Type  I. — Single-Story  Bent;  Both  Columns  Alike. 

=  height  of  column,  measured  from    bottom    of   column   to 
center  of  cross-girder  ; 

=  distance  between  centers  of  columns  ; 

=  moment  of  inertia  of  cross-girder ; 

=:         "        "      "       "  cohmm  ; 

=  horizontal  force  ajiplied  at  center  of  cross-girder  ; 
3I^^  =  moment  at  top  of  column  ; 
iJ/j  =  moment  at  bottom  of  column. 

3  Jj  P  h^ 


M.= 


M,  =  + 


2(bl,+  QI^  h) 

h  1^  +  3h  I^ 
2  (6  J2  +  6  Ii  h) 


Ph. 


570 


MANHATTAN'   ELEVATED   RAILWAY   IMPROVEMENTS 


Type  II. — Unsymmetncal  One-Story  Bent. 

Let  h    =  height  of  column,   measured   from    bottom   of  column  to 
center  of  cross-girder  ; 
distance  between  centers  of  columns  ; 
moment  of  inertia  of  one  column  ; 
•         "        "       "  other  column  ; 
"         "        "       "  cross-girder; 
moment  at  ])ottom  of  column  Jj  ; 
'        "  top  "        "        /,  ; 


b 


M^ 


3f ,  = 


U  it, 


p  = 


and  let 


X,  =  P 


"        '•  bottom    "        "        Jj! 
horizontal  force  applied  at  center  of  cross-girder  ; 


X.  = 


^21^  +  " 


Then 


3L  = 


P  I,  h 


M, 


-  X,  (h 
X,  X, 
X,  X.,  - 


h  +  h 


3/„ 


w///}/////. 


M.. 


---b ->i 

Fig.  4. 


A    +^2 

Type  III.— Two-Story  Bent;  Both  Stories  Same  Width;  All  Columns 

Alike. 
Let  h^  =  distance  from  center  to  center  of  cross-girders  ; 

h.^  —  distance  from  center  of  lower  girder  to  bottom  of  column  ; 
b    =  distance  between  centers  of  columns  ; 
Jj  =  moment  of  inertia  of  upper  cross-girders  ; 
I^  =        ''         "       "         "       "      column  ; 
Jg  =^         "         "       "         "  lower  cross-girders , 
I^  =        "         "       "         "       ''     column  ; 
M^  =  moment  at  top  of  upper  column  ; 
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Mj^  =  moment  at  bottom  of  upper  column  ; 
M^  =  "        "  top  •'  lower        " 

M^  =         "        "  bottom  "      "  " 

Pj  =  horizontal  force  applied  at  center  of  upper  cross-girder  ; 

p   _  li  u  u       u        u       u   lower  " 


Further,  let 

p,  /^r 


A  = 
B  = 
C  = 
D  = 


4  /. 


Pi  h.-;"  +  2  Pi  /i,  h,  +  P,  ^2' 


b- 


12  J, 


4^4 

-J    J.  o  *^    -*  * 


12/,   ^    2  7. 


iV„ 

I, 

P, 

^ 

/,. 

J/, 

t' 

^:i 

P.    i 

i 

A 

J/, 

—  6-- 

1 

1 
i 

%:<J 

w 

'^-^ 

and 


Fig.   5. 


X,= 


(A  +  B)  E  —  B  D 

CE  —  D- 
B  C  —  (A  +  B)  D 

C  E  —  n' 


Then 


M^^  +P^  (h,  +  h,)  +  P^  /,,  -  I  (Xj  +  X,) 

Type  IV. — Two-Story  Bent;  Upper  Story  Narrower  than  Lower  Story; 

Symmetrical. 
Let     /ij  =  distance  from  center  to  center  of  cross-girders; 

/i,2  =         "  "         "        of  lower   cross-girder  to   bottom  of 

column; 
b    =  distance  between  centers  of  columns  of  upper  bent; 
c    _  u  u  u  u  a  u    lower       " 

fZ    ==         '•       from  center  of  column  of  upper  bent  to  center  of 
column  of  lower  bent; 


I 


573 


MANHATTAN   ELEVATED   RAILWAY    IMPROVEMENTS 


Jj  =  moment  of  inertia  of  upper  cross-girder; 

/,  =         ''  "        "       "        "      column; 

ig  =         "         "       "       "    lower  cross-girder; 

I^  =         "         "       "       "       "      column; 

Pj  =  horizontal  force  applied  at  center  of  upper  cross-girder; 


Further,  let 

P,  6/if   ,    P^/i,  (0^-6-) 


"  lower 


Ma 


A  = 


8  7, 


•2L 


8  7, 

C  = ■  H H 1 

24  Jj       4  J2   ^   24  73   ^4  7, 

24  7,    ^  4i, 


E 


F  = 


and  let 


Then 


2473+   477 
Pi  /ii  (c2  -  52) 


J'l 


-d-^ 


M, 


M. 


I 
W — 


16  7, 


Fig.  6. 


( J.  +  P)  _e;  —  (P  +  P)  7) 

QE  —  D'' 

{F  -\-  B)  C  —  {A  -\-  B)  B 

C  E  —  D' 


^f  — —  Y 


2       '^      2 


^c  =  -  Y  (-^^1   +  ^-^^ 


+ 


p,^ 


c     _         ,^         P,  (7i,  +  h„)       P,  7?2 


r^/pe   F. — Three-Story  Pin-Connected  Bent. 

Let  /ij  =  height  of  upper  story; 
h^  ^       "        "  middle    " 
7*3  =       "       "  lower       " 
\>    =  distance  between  centers  of  columns; 
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31^  =  moment  at  bottom  of  upper 

column; 
Jfj  z=  moment  at  bottom  of  middle 

column; 
Jfg  =  moment  at  bottom  of  lower 

column; 
P  =  horizontal   force   applied    at 

top  of  bent; 
and  let 


P  = 


h.^  h^  (4  /tj  +  3  h.^  +  6  h^  (h^  +  h.-^) 
h,  (4  /*!  +  3  h,)  +  12  /I3  (/ii  +  h^)   ^ 

2  /i2  (/ij  +  /i2) 


q  =  /i3  + 
X=P   (] 


2  /ij  +  3  /i. 


3  /.2  h' 


Fig.  7. 


Then 


/ii  (4  \  h,  +  3  /i/  +  12  /ij  /I3  + 


Jfi  =  +  -  (P  -  X)  /tj 
^2  =  -jP(h-P) 


12  h,  h,)) 


General  Details  of  Design. 

New  columns,  supporting  the  structure  in  the  street,  were  gen- 
erally made  15  in.  square,  built  up  of  two  15-in.  channels  with  the 
flanges  turned  in,  four  angles,  and  a  web-plate.  Using  50-lb.  channels, 
5  by  3^  by  |-in  angles,  and  13  by  J-in.  web,  the  section  modulus  of 
such  a  column  is  129  in.^  in  the  direction  parallel  to  the  web  and  294 
in.^  in  the  direction  square  to  the  web.  The  columns  were  nearly  always 
placed  with  the  web  in  the  same  direction  as  the  cross-girders,  as  the 
lateral  bending  stresses  in  the  columns,  due  to  wind  and  centrifugal 
forces,  are  greater  than  the  longitudinal  bending  stresses,  due  to  brak- 
ing of  trains.  Columns  on  the  sidewalk,  supporting  station  structure 
only,  were  generally  built  up  similar  to  the  track  structure  columns, 
but  12  in.  square. 

Generally,  the  colmnns  had  to  be  designed  so  that  they  could  be 
erected  under   the  cross-girder,   with  the   foundations — including  the 
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anchor-bolts — in  place.  The  columns,  therefore,  were  made  detach- 
able, but  capable  of  resisting  the  bending  moments  that  might  come 
on  them.  The  original  design  had  a  lower  part  made  up  of  plates  and 
shapes,  with  holes  for  the  anchor-bolts.  The  upper  part  of  the  base, 
which  was  riveted  to  the  column,  was  made  narrow  enough  to  pass 
between  the  anchor-bolts.  The  upper  and  lower  sections  were  to  be 
connected  with  flat  plates,  riveted  in  the  field.  In  the  design  of  a 
similar  type  the  upper  and  low^er  parts  are  connected  with  bolts. 

The  first  design  was  not  used  at  all,  and  the  second  design  only 
in  a  few  cases,  as  the  bridge  shops  requested  that  the  design  be  changed, 
on  account  of  difficulty  in  fabricating  the  lower  sections.  Therefore, 
another  type  of  detachable  base  was  designed.  The  lower  part 
of  this  base  consisted  of  a  rolled  steel  slab,  6  in.  thick,  with 
four  holes  to  fit  over  the  anchor-bolts  in  the  foundation.  The 
upper  part  of  the  base,  which  was  narrow  enough  to  pass  between 
the  anchor-bolts,  was  riveted  to  the  column  shaft,  and  was  connected 
to  the  slab  with  four  screw-bolts,  2  in.  in  diameter,  fitting  into  tapped 
holes  in  the  slab. 

A  stiff  connection  between  the  column  and  the  cross-girder  was 
obtained,  when  the  column  was  at  the  end  of  the  cross-girder,  by  run- 
ning the  column  shaft  to  the  top  of  the  cross-girder  and  riveting  the 
end  of  the  girder  to  the  column.  When  the  column  was  under  the 
cross-girder,  the  stiff  connection  was  obtained  by  riveting  four  angles 
to  the  column,  extending  above  the  top  of  the  column;  these  angles 
were  connected  to  the  bearing  stiffeners  of  the  cross-girder  with  plates 
riveted  to  both  angles  and  stiffeners.  The  column  and  the  cross- 
girder  were  further  connected  with  plate  brackets  riveted  to  the  sides 
of  the  column  and  the  bottom  of  the  cross-girder. 

The  cross-girders  were  generally  plate  girders  in  preference  to  lat- 
tice girders,  due  to  the  simplicity  of  design  and  also  the  facility  with 
which  a  load  can  be  placed  at  any  point  on  a  plate  girder,  without 
disturbing  the  uniformity  of  the  design.  This  is  specially  advantageous 
for  a  structure  of  the  kind  herein  described,  as  the  location  of  the  loads, 
due  to  track  stringers,  platform  girders,  overhead  structures,  etc.,  may 
vary  from  bent  to  bent. 

The  track  stringers  also  were  usually  plate  girders,  but,  where  it 
was  desired,  either  to  keep  the  construction  as  open  as  possible,  or  to 
conform  to  the  existing  design,  lattice  stringers  were  used.     Whenever 
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the  conditions  permitted,  the  track  stringers  were  designed  with  end 
lips,  which  supported  the  stringers,  either  on  top  of  the  cross-girders 
or  on  seats  attached  to  the  web  of  the  cross-girders.  The  lip  connec- 
tion makes  the  girder  simple  to  erect,  is  stiff,  and  occupies  little  con- 
struction height.  Experience  has  shown  that  the  rivets  in  the  connec- 
tion of  framed-in  track  girders  frequently  break. 

Expansion  was  provided  for  by  slotting  the  holes  at  the  connection 
and  letting  the  girders  slide  on  the  seat.  Generally,  expansion  joints 
were  provided  at  one  end  of  every  second  track  stringer. 

Details  of  Design. — Section  No.  1. — A  portion  of  the  work  included 
under  Section  No.  1  was  the  reconstruction  of  the  elevated  line  in 
Park  Eow  between  City  Hall  and  Chatham  Square.  The  old  two- 
track  structure  in  Park  Row  carried  the  two-track  Third  Avenue 
Line  to  the  terminal  at  City  Hall.  The  reconstruction  involved  the 
addition  of  two  tracks  to  the  structure  in  Park  Row  for  the  Second 
Avenue  Line;  a  terminal  for  the  Second  Avenue  Line  at  City  Hall; 
and  a  new  station  at  Chatham  Square  capable  of  serving  all  four  tracks 
of  the  new  structure. 

The  old  station  at  City  Hall  was  reached  from  the  one-story 
approach  to  the  Brooklyn  Bridge;  it  consisted  of  two  tracks,  a  center 
platform  on  steel  supports,  and  two  side  platforms  altogether  of  wooden 
construction.  These  facilities  were  retained,  but  improved  in  details 
for  the  Third  Avenue  Line,  and  a  new  Second  Avenue  Line  Station 
with  similar  platform  and  track  facilities  was  built  immediately  above 
the  Third  Avenue  Line  Station,  thus  making  a  double-deck  station. 
There  was  no  room  to  carry  all  four  tracks  at  one  level,  because  Park 
Row  is  too  narrow  there  for  such  construction.  Fig.  8  shows  a  cross- 
section  of  the  new  double-deck  station.  On  account  of  the  added 
load,  it  was  necessary  to  replace  the  old  cross-girders  and  street  columns 
with  new  and  heavier  ones.  The  upper-deck  structure  was  supported 
on  four  rows  of  columns  resting  on  top  of  the  new  lower-deck  cross- 
girders.  As  it  was  desired  to  keep  the  level  of  the  upper-deck  platforms 
as  low  as  possible  at  the  point  of  access  at  the  south  end  of  the  sta- 
tions, the  upper  deck  was  designed  as  a  through  bridge  construction, 
with  longitudinal  girders  supported  directly  on  the  four  rows  of 
columns.  The  lower  deck  was  level ;  the  upper  deck  was  laid  on  a  grade 
of  i%  rising  from  the  south  to  the  north  end  of  the  station.  This 
was  done  in  order  to  gain  sufficient  clearance  at  the  north  end  for 
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the  standard  cross-girder  construction  where  it  was  required,  on 
account  of  the  cross-overs  from  in-bound  to  out-bound  tracks.  The 
upper-track  floor  construction  consisted  of  shallow  cross-girders  or 
beams  riveted  to  the  through  girders,  and  track  stringers  framed  into 
these  cross-beams.  In  order  to  make  the  floor  as  shallow  as  possible, 
riveted  box  girders  were  used  at  the  south  end  of  the  station.  As  the 
construction  height  increased,  15  and  18-in.  Bethlehem  girder  beams 
were  used  instead.  The  track  stringers  consisted  of  two  I-beams 
under  each  rail,  in  order  to  get  sufficient  bearing  surface  for  the  ties. 
The  center  platform  was  supported  on  top  of  the  longitudinal  girders, 
and  the  outside  platforms  partly  on  the  longitudinal  girders  and  partly 
on  the  track  floor.  The  columns  supporting  the  upper-deck  structure 
were  12  in.  square,  and  consisted  of  two  12-in.  channels  with  a  dia- 
phragm of  four  angles  and  a  web-plate.  In  order  to  obtain  a  fixed 
connection  at  the  bottom,  the  columns  were  connected  to  the  stiffeiiers 
of  the  supporting  cross-girders  with  tension  plates,  and  to  obtain  a 
fixed  condition  at  the  top  of  upper-deck  columns,  the  diaphragm  con- 
struction of  these  columns  was  continued  up  to  the  top  of  the  through 
girders  and  the  latter  were  riveted  to  these  diaphragms.  At  expan- 
sion joints,  however,  the  free  ends  of  the  girders  rested  on  seats  on 
the  columns. 

Between  the  north  end  of  the  City  Hall  Station  and  the  south  end 
of  the  new  Chatham  Square  Station,  the  two  upper-deck  tracks  were 
brought  down  to  the  level  of  the  old  structure,  in  order  to  connect  with 
the  tracks  of  the  Second  Avenue  Line  at  Chatham  Square.  This  was 
accomplished  by  running  the  lower-deck  tracks  to  the  west  side  of 
the  structure  through  Park  Row,  and  the  upper-deck  tracks  to  the  east 
side.  The  first  few  bents  of  the  upper  deck  north  of  City  Hall  Sta- 
tion had  to  span  the  entire  width  of  the  structure,  as  shown  by  Fig.  9, 
but  as  soon  as  the  upper  and  lower-level  tracks  were  sufficiently  clear 
of  each  other,  the  upper  deck  was  supported  on  two-column  braced  bents 
supported  on  the  lower-deck  cross-girders  east  of  the  lower-deck  tracks, 
as  shown  by  Fig.  10.  These  upper-deck  bents  were  also  braced  longi- 
tudinally in  pairs,  so  as  to  form  a  tower  construction.  The  lower- 
deck  columns  had  to  be  renewed  on  account  of  the  added  load,  and 
where  they  coincided  in  position  with  the  upper-deck  columns  they 
were  built  in  one  piece  from  the  street  to  the  upper  deck.  For  appear- 
ance sake,  it  was  desired  to  avoid  transverse  bracing  below  the  lower 
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deck;  as,  however,  the  regular  column  section  below  the  lower  deck 
was  not  sufficient  to  carry  the  combined  direct  and  transverse  bending 
stresses  without  bracing,  and  as  it  was  not  permitted  to  use  a  width  of 
column  greater  than  15  in.  where  it  might  interfere  with  the  use  of 
the  sidewalk,  the  necessary  additional  strength  was  obtained  by  widen- 
ing the  column  from  a  point  12  ft.  above  the  sidewalk.  This  was 
accomplished  by  using  two  angles  on  the  street  side  of  the  columns 
instead  of  the  customary  15-in.  channel.  At  a  distance  of  12  ft.  above 
the  sidewalk,  the  web  was  spliced  and  its  upper  part  extended  through 
the  angles  and  reinforced  with  flange  angles.  Some  of  the  existing 
lower-deck  lattice  cross-girders  were  retained,  where  there  was  no 
additional  loading,  but,  on  account  of  the  track  girders  being  changed 
in  position,  the  latticing  of  cross-girders  was  removed  at  such  points, 
and  a  web-plate  was  riveted  to  the  cross-girder  instead,  as  shown  by 
Fig.  9. 

The  remainder  of  the  work  under  Section  N'o.  1  comprised  the  con- 
struction of  an  upper-grade  station  above  the  existing  station  on  the 
east  side  of  Chatham  Square  and  a  two-track  approach  to  this  station 
both  at  the  north  and  south  ends.  The  old  lower-deck  station  was  for- 
merly used  for  both  Second  and  Third  Avenue  Lines  on  the  South 
Ferry  Branch.  After  the  reconstruction  the  lower  deck  was  used 
for  Second  Avenue  Line  trains  only,  and  the  new  upper  deck  for  Third 
Avenue  Line  trains.  The  approach  to  the  upper  station  commenced 
in  the  New  Bowery  just  north  of  Franklin  Square  Station.  The  struc- 
ture involved  in  the  New  Bowery  consisted,  before  the  reconstruction, 
of  two  single  rows  of  columns  on  the  sidewalks,  each  row  carrying  a 
single-track  structure.  The  old  columns  opposite  were  braced  with 
stiffening  struts  across  the  street.  The  columns  were  of  the  "fan-top" 
type,  that  is  to  say,  they  were  made  of  two  channels  latticed  together, 
and  the  channels  were  flared  at  the  top,  so  that  a  track  stringer  came 
directly  on  top  of  each  channel. 

The  new  tracks  were  carried  on  cross-girders,  which,  at  the  begin- 
ning of  the  ramp  at  the  south  end,  were  set  on  the  top  of  the  old 
columns  between  the  old  track  stringers,  because  the  head-room  above 
the  street  was  small.  These  cross-girders  were  made  in  three  pieces. 
in  order  to  facilitate  the  erection.  Farther  north,  where  the  head- 
room was  greater,  the  new  cross-girders  were  framed  into  the  sides 
of  the  column  shaft,  as  shown  by  Fig.  11 ;  this  method  was  preferred, 
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because  the  new  structure  could  be  erected  without  shoring  and  without 
interfering  with  traffic.  In  order  to  transfer  the  additional  loading 
uniformly  to  the  column,  a  diaphragm  was  riveted  inside  of  the 
channels  of  the  column,  thus  carrying  the  cross-girder  reaction  equally 
into  both  sides  of  the  column.  The  upper  tracks  were  supported  by 
columns  centered  on  the  tracks  and  resting  on  the  new  cross-girders. 
The  two  columns  of  each  bent  were  braced  together,  and  every  second 
pair  of  bents  was  also  braced  together,  so  that  the  upper  structure 
formed  a  completely  braced  tower  construction,  resting  on  top  of  the 
new  cross-girders.  Additional  longitudinal  bracing  was  also  provided 
between  the  old  columns,  so  as  to  decrease  the  unsupported  le'ngth 
of  these  columns  and  thus  add  to  their  carrying  capacity. 

Fig.  12  shows  a  cross-section  of  the  structure  at  the  Chatham  Square 
Station.  On  account  of  the  additional  loading,  it  was  necessary  to 
replace  the  existing  columns  and  cross-girders  with  new  and  heavier 
ones.  This  figure  shows  a  cross-section  at  the  south  end  of  the  sta- 
tion, where  the  lower  center  platform  is  divided  into  two  platforms  with 
an  open  space  between.  At  the  crossing  with  the  City  Hall  branch 
tracks,  the  track  layout  necessitated  a  span  length  of  about  75  ft.  A 
through-bridge  construction,  as  shown  by  Fig.  13,  was  used  in  order  to 
obtain  sufficient  depth  for  the  stringers  without  encroaching  on  the 
head-room.  The  location  of  the  columns  was  determined  by  the  track 
arrangement  on  the  lower  deck. 

Details  of  Design. — Section  No.  2-A. — The  work  under  Section  No. 
2-A  comprised  the  reconstruction  of  the  Third  Avenue  Line  in  the 
Bowery  between  Chatham  Square  and  a  point  north  of  Delancey  Street. 
Prior  to  the  reconstruction,  the  old  Chatham  Square  Station  of  the 
Third  Avenue  Line  was  in  the  Bowery  just  north  of  Chatham  Square. 
The  old  station  had  a  wide  island  platform  serving  the  existing  tracks. 
The  northerly  part  of  the  platform  was  divided  through  the  center,  and 
the  space  was  occupied  by  two  pocket  tracks,  with  an  island  platform 
between  them,  raised  slightly  above  the  grade  of  the  main  structure. 
The  pocket  tracks  ended  just  south  of  the  old  Canal  Street  Station, 
where  they  turned  into  the  main  tracks.  North  of  this  point,  the  line 
was  a  two-track  structure.  The  old  Canal  Street  Station  had  two 
side  platforms  extending  to  the  south  of  Canal  Street.  North  of  Canal 
Street,  the  structure  consisted  of  two  rows  of  fan-top  columns  support- 
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ing  the  track  structure.  The  old  Grand  Street  Station  was  between 
the  tracks,  with  the  platforms  extending  to  the  south  of  Grand  Street. 

The  new  track  layout  south  of  Canal  Street  retained  the  old  main 
tracks  in  approximately  their  old  location  for  local  service  on  the  City 
Hall  branch.  A  center  track  was  added  on  the  same  level  for  express 
service  on  the  City  Hall  branch,  and  between  the  center  track  and  the 
local  tracks  were  added  two  over-grade  tracks  to  connect  with  the  South 
Ferry  branch.  The  old  pocket  tracks  and  the  station  north  of  Chatham 
Square  were  removed.  Fig.  14  shows  a  cross-section  of  the  new  struc- 
ture just  north  of  Chatham  Square.  On  account  of  the  additional 
loading,  the  existing  columns  and  cross-girders  had  to  be  replaced  with 
new  and  heavier  ones.  The  existing  track  level,  which  it  was  necessary 
to  maintain  at  the  Chatham  Square  Junction,  was  close  to  the  street, 
so  that  the  new  cross-girders  had  to  be  made  very  shallow  compared 
with  their  span,  in  order  to  obtain  the  required  14  ft.  of  head-room 
under  the  structure.  The  use  of  twin  girders  was  first  considered, 
but  as  a  plate-girder  construction  was  practically  necessary,  this  type 
of  girder  was  abandoned  on  account  of  the  difficulties  in  making  con- 
nections to  and  maintaining  a  box-girder  construction.  Therefore, 
single  plate  girders,  with  heavy  flanges,  20  in.  wide,  were  used.  On 
account  of  the  width  of  the  flanges,  it  was  necessary  to  place  track  ties 
on  top  of  the  cross-girder,  in  order  not  to  space  the  ties  too  far  apart. 
The  tops  of  the  cross-girders,  therefore,  were  made  flush  with  the  tops 
of  the  track  stringers,  and  the  latter  were  supported  on  seats  attached 
to  the  web  of  the  cross-girders  and  had  the  same  depth. 

The  upper-level  tracks  were  supported  separately  by  framed  two- 
post  bents  of  the  same  width  as  the  distance  between  the  supported 
track  stringers.  The  bents  on  two  adjacent  cross-girders  were  braced 
together  longitudinally,  and,  in  order  to  prevent  sidewise  overturning, 
the  bents  were  spliced  to  the  supporting  cross-girders.  The  upper  local 
track  stringers  were  supported  on  the  bents  with  lips  18  in.  deep. 

In  order  to  facilitate  the  construction,  the  old  locations  of  the 
columns  on  the  sidewalk  were  retained;  this,  however,  involved  skew 
connections  between  the  columns  and  the  cross-girders,  as  well  as 
between  the  cross-girders  and  the  track  stringers. 

At  the  south  end  of  the  section,  where  the  existing  track  grade  was 
maintained,  the  old  track  stringers  of  the  existing  main  tracks  were 
used  in  the  new  work,  after  the  stringer  ends  had  been  remodeled  to 
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match  the  new  cross-girders.  Farther  north,  where  the  new  track  grade 
was  higher  than  the  old  one,  new  track  stringers  were  used,  because 
the  maintenance  of  traffic  necessitated,  first,  the  erection  of  the  new 
cross-girders  and  the  framing  of  the  track  stringers  at  the  existing 
level,  and,  later,  the  raising  of  the  track  stringers  to  the  new  level. 
To  avoid  this  double  reconstruction  of  the  old  track  stringers,  which 
would  have  been  \msatisfactory  and  expensive,  they  were  remodeled  for 
the  temporary  connection  to  the  new  cross-girders,  and  new  stringers 
were  provided  for  the  final  position.  Fig.  15  shows  the  temporary 
and  permanent  arrangement  at  the  connection  of  the  stringers  and  the 
cross-girder.  The  old  stringers  were  carried  temporarily  on  seats  sup- 
ported by  the  column  brackets.  When  the  old  stringers  were  removed, 
additional  stiffeners  were  riveted  to  the  cross-girder  at  points  where 
the  new  stringers  were  supported  on  the  top  of  the  cross-girder.  Fig. 
15  also  shows  the  seats  supporting  the  upper  deck,  at  a  point  where 
the  upper  grade  approaches  the  elevation  of  the  lower  deck. 

The  new  express  station  at  Canal  Street  was  built  as  a  mezzanine 
station.  In  order  to  obtain  sufficient  head-room  for  the  mezzanine 
structure,  the  new  track  grade  was  raised  above  the  old  grade.  After 
the  design  was  completed,  the  City  authorities  decided  to  raise  the 
grade  of  Canal  Street  in  conjunction  with  the  approach  to  the  Man- 
hattan Bridge.  This  necessitated  a  further  raising  of  the  new  track 
level,  which  was  obtained  by  a  shortening  of  the  vertical  curves. 

Fig.  16  shows  the  cross-bents  supporting  the  mezzanine  station. 
Whenever  it  was  possible,  the  columns  supporting  the  structure  were 
placed  in  the  roadway.  The  cross-girders  were  8  ft.  deep,  and  the 
mezzanine  station  occupied  the  full  depth  of  the  girders,  the  bottom  of 
the  mezzanine  floor  being  nearly  flush  with  the  bottom  of  the  girders. 
The  longitudinal  girders  in  this  spam  were  set  on  top  of  the  cross- 
girders  and  carried  the  mezzanine  station,  the  platforms,  and  a  through 
bridge  construction  for  supporting  the  track.  Fig.  17  shows  the  details 
of  the  longitudinal  girders.  They  were  plate  girders,  and  the  web 
was  extended  below  the  bottom  flange  of  the  girder  in  order  to  provide 
means  for  connecting  the  hangers  supporting  the  mezzanine  structure 

A  cross-section  of  the  remainder  of  the  structure  of  the  Canal  Street 
Station  is  shown  by  Fig.  18.  The  track  stringers  are  carried  on  seats 
attached  to  the  web  of  the  cross-girder,  and  the  top  of  the  stringers  is 
3  in.  below  the  back  of  the  top  flange  angles  of  the  cross-girders.     This 
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arrang^ement  permits  the  rail  to  be  carried  clear  of  the  cross-girder 
without  undue  spacing  of  the  ties.  The  bottom  flange  of  the  stringers 
was  made  flush  with  the  bottom  of  the  cross-girders,  and  the  bottom 
flanges  of  the  stringers  and  cross-girder  were  connected  with  a  plate. 
The  platform  stringers  were  4  ft.  deep,  and  rested,  with  a  lip  2  ft. 
4  in.  deep,  on  the  top  of  the  cross-girders. 

The  structure  was  braced  with  diagonal  struts  from  the  center 
track  stringers  to  the  columns,  in  order  to  prevent  horizontal  deflection 
of  the  cross-girders  due  to  braking. 

From  north  of  the  Canal  Street  Station  to  the  south  end  of  the 
Grand  Street  Station,  the  distance  between  street-car  tracks  and  curb 
necessitated  placing  the  columns  on  the  sidewalk.  The  existing  struc- 
ture consisted  of  two  rows  of  columns  supporting  the  track  struc- 
ture, one  on  each  side  of  the  street.  The  new  grade  of  the  tracks  was 
considerably  higher  than  the  old  one  on  account  of  the  changes  of  the 
street  grade  and  the  mezzanine  stations,  but  it  was  necessary  to  keep 
the  ends  of  the  cross-girders  below  the  existing  track  work,  as  traffic  on 
the  existing  tracks  had  to  be  maintained  during  the  erection  of  the  new 
structure.  The  cross-girders,  therefore,  were  designed  as  shown  by 
Fig,  19.  The  bottom  flange  of  the  cross-girders  was  kept  straight; 
the  middle  portion  of  the  top  flange  was  kept  high,  partly  to  get  sufficient 
depth  of  the  girder  and  partly  to  bring  the  track  stringers,  which  were 
set  on  top  of  the  cross-girder,  to  the  proper  level.  At  the  ends,  the  top 
flange  of  the  cross-girder  was  brought  down  to  such  a  level  that  the 
girder  could  be  erected  without  interfering  with  the  ties  of  the  existing 
tracks. 

The  construction  through  the  Grand  Street  Station  was  similar 
to  that  just  described  except  that  twin  girder  construction  was  used 
to  carry  the  additional  load.  Fig.  20  shows  one  of  the  bents  carrying 
the  mezzanine  station  at  Grand  Street.  As  one  of  the  columns  could 
be  placed  in  the  street,  it  was  not  necessary  to  drop  the  one  end  of 
the  girder,  because  the  cantilever  end  was  not  erected  until  the  traffic 
on  the  existing  track  was  abandoned.  The  seat  at  the  other  end  of 
the  cross-girder  was  added  after  traffic  had  stopped  on  the  existing 
track,  and  was  required  for  the  support  of  the  through  bridge  girder 
carrying  the  track  floor.  The  construction  of  the  mezzanine  station 
was  the  same  as  that  at  Canal  Street.  Fig.  21  shows  the  details  of  the 
bents  carrying  the  platforms  outside  of  the  mezzanine  station.  The 
seats  were  made  in  two  pieces,  because,  on  account  of  the  necessity 
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of  maintaining  traffic,  the  platform  could  not  be  constructed  to  its 
full  width  at  once.  In  order  to  prevent  longitudinal  deflection  of  the 
cross-girders,  horizontal  trusses  were  provided;  they  were  riveted  to 
the  bottom  flanges  of  the  stringers,  and  braced  to  the  columns,  as  shown 
by  Fig.  21. 

From  north  of  Grand  Street  Station  to  a  point  near  Delancey  Street, 
bents  of  the  same  type  were  continued,  owing  to  the  necessity  of 
keeping  the  columns  on  the  sidewalks.  As  the  distance  from  the 
stringers  to  the  columns  was  too  great  to  use  a  diagonal  brace,  the 
method  of  bracing  was  changed  to  the  type  shown  by  Fig.  22.  A 
horizontal  stiffening  truss,  placed  at  the  center  of  the  span,  connected 
the  bottom  flanges  of  all  the  stringers  and  extended  at  each  end  out 
to,  and  was  connected  with,  the  top  flanges  of  vertical  stiffening  trusses 
between  the  colxunns. 

Details  of  Design. — Section  No.  2-B. — In  this  section,  which  ex- 
tended from  near  Delancey  Street  to  near  5th  Street,  all  the  columns 
of  the  new  structure,  with  the  exception  of  a  few  near  5th  Street, 
were  in  the  roadway ;  columns  of  the  old  structure  were  at  the  curb  line, 
and  the  whole  new  structure,  therefore,  could  be  erected  without  inter- 
fering with  the  old  one,  except  at  the  connection  at  5th  Street. 
Fig.  23  is  a  typical  section  of  the  structure.  As  there  were  four  street- 
car tracks,  the  columns  of  the  bent  were  spaced  45  ft.  from  center  to 
center.  The  columns  were  originally  designed  with  fixed  bases, 
capable  of  resisting  the  moments.  It  developed,  however,  during  the 
construction,  that  it  would  be  necessary  to  let  a  gas  main  pass  directly 
through  the  center  of  the  foundations  on  both  sides  of  the  street,  and 
it  was  decided,  therefore,  that  it  would  be  safer  to  place  a  heavy  steel 
slab  on  the  top  of  the  foundations.  The  detachable  type  of  base,  with 
steel  slab  6  in.  thick,  therefore,  was  decided  on,  and,  for  the  sake  of 
uniformity,  this  base  was  used  throughout  on  both  sides  of  the  street. 
The  cross-girders  were  designed  as  twin  lattice  girders.  The  twin 
girder  construction  was  used  because  it  was  desired  not  to  carry  the 
structure  higher  than  necessary.  The  cross-girders  rested  with  lips 
on  top  of  the  columns,  and  were  braced  to  the  column  shaft  with  angle 
brackets.  The  standard  spacing  of  the  track  stringers  was  5  ft.  between 
the  stringers  of  each  pair  and  12  ft.  from  center  to  center  of  tracks. 
The  panel  spacing  was  arranged  so  as  to  bring  the  panel  points  directly 
under  the  track  stringers. 
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Fig.  25  shows  the  details  of  the  ends  of  the  track  stringers.  The 
girders  were  supported  on  the  top  of  the  cross-girder  with  lips.  As 
it  was  impossible  to  avoid  secondary  stresses  at  the  support,  the  top 
chord  was  reinforced  with  12-in.  channels.  Fig.  26  shows  the  lateral 
stiflFening  trusses  and  the  braces  to  the  columns.  It  will  be  noted 
that  the  braces  have  the  additional  function  of  fixing  the  tops  of  the 
columns,  the  braces  and  the  stringer  to  which  they  are  attached  acting 
together  as  a  stiffening  truss. 

The  Houston  Street  Station  is  included  in  this  section ;  its  general 
construction  is  similar  to  that  of  other  mezzanine  stations  on  the 
Bowery.  As  at  the  other  stations,  the  depth  of  the  cross-girders  was 
made  to  conform  to  the  height  of  the  mezzanine.  Through  bridge 
girders  carried  the  platform  and  track  construction  over  the  mezzanine 
station. 

Details  of  Design. — Section  No.  3. — Prior  to  the  reconstruction  there 
existed  on  the  Third  Avenue  Line  between  5th  and  116th  Streets, 
which  portion  comprised  Section  No.  3,  a  partial  center-track  con- 
struction, in  fact,  an  express  service  was  in  operation  north  of  42d 
Street.  South  of  the  42d  Street  Station  center-track  girders  were  in 
existence  at  a  few  isolated  points,  but,  generally,  the  structure  con- 
sisted of  two  tracks  supported  directly  on  top  of  the  columns  and 
braced  together  with  an  arch-shaped  strut,  as  shown  by  Fig.  24.  The 
columns  were  of  the  fan-top  type,  hereinbefore  described.  Originally, 
this  structure  was  designed  to  carry  only  the  load  of  the  track  sup- 
ported directly  by  the  columns,  but,  as  a  center  track  was  added  in 
places,  in  the  course  of  time,  it  became  necessary  to  reinforce  the 
flaring  portion  of  the  column,  and  a  design  for  the  reinforcement  was 
developed.  This  design.  Fig.  27,  was  used  also  for  the  reinforcement  of 
the  columns  included  in  the  new  work.  The  general  principle  of  the 
design  was  that  the  load  of  the  stringers  supporting  the  outside  tracks 
should  be  transferred  to  the  columns  as  before,  and  that  the  load  of 
the  center  track  should  be  carried  by  a  cross-girder  to  the  center  of 
the  column,  where  it  was  supported  on  two  I-beams,  framed  into  two 
channels,  riveted  to  plates,  which  were  riveted  to  the  flaring  flanges  of 
the  column  channels.  These  plates  also  strengthened  the  curved  por- 
tions of  the  column  channels  which  took  the  load  of  the  outside  track 
stringers.  This  somewhat  involved  construction  was  necessary,  in 
order  to  be  able  to  do  the  riveting  in  the  closed  space  between  the 
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channels  and  the  plates.  The  new  cross-girders  were  plate  girders. 
To  facilitate  erection,  they  were  made  in  three  pieces,  as  shown  by 
Fig.  28.  The  outside  track  stringers  rested  on  the  bottom  flange  of 
the  cross-girders,  and  were  supported  directly  by  the  column.  The 
center  track  stringers  were  framed  into  the  cross-girder  at  the  fixed 
connections,  and  rested  on  seats  at  the  expansion  end.  The  new  track 
stringers  were  plate  girders. 

On  this  section,  the  stations  at  9th,  23d,  42d,  and  106th  Streets 
were  rebuilt  for  express  service.  As  there  was  not  sufficient  head-room 
at  any  of  these  stations  for  a  mezzanine  station,  the  "hump"  type  of 
express  stations  was  used.  Fig.  33  shows  portions  of  the  southerly 
approach  to  the  42d  Street  Station.  As  there  were  no  center-track 
girders  at  this  location  prior  to  the  reconstruction,  new  cross-girders 
and  stringers  were  provided.  The  cross-girders  had  to  conform  to  the 
elevation  of  the  existing  local  tracks,  while  the  center-track  stringers 
were  rising  above  the  grade  of  the  local  tracks.  In  the  first  few  spans, 
where  the  stringers  came  slightly  above  the  top  flange  of  the  cross- 
girder,  they  were  cut  to  make  room  for  the  cross-girder  flange.  When 
raised  sufficiently,  a  lip  construction  was  used  until  the  stringer  was 
clear  of  the  cross-girder.  Seats  and  bents  were  used  thereafter  to 
support  the  stringers.  The  bents  consisted  of  two  posts,  placed  5  ft. 
from  center  to  center,  braced  together,  and  set  on  top  of  the  cross- 
girders.  The  bent  was  braced  longitudinally  with  two  diagonal  struts 
supported  on  longitudinal  lattice  stiffening  trusses  framed  into  the 
cross-girders  in  the  fixed  spans. 

The  north  approach  differs  somewhat  in  certain  details,  because 
the  cross-girders  and  center-track  stringers  were  in  place  prior  to  this 
work.  The  center-track  stringers  were  retained  in  place,  in  order  to 
stiffen  the  structure,  and  the  raised  track  was  constructed  on  top  of 
these  stringers.  At  the  low  portion  of  the  approach,  tapered  girders, 
as  shown  by  Fig.  32,  were  riveted  to  the  top  flange  of  the  existing 
stringers.  As  the  height  of  the  new  track  above  the  old  one  became 
greater,  plate-girder  seats,  resting  on  top  of  the  track  stringers  close 
to  the  cross-girder,  were  used,  and  finally  A-shaped  towers,  with  the 
posts  resting  on  the  stringers.  The  reason  for  supporting  the  seats 
and  the  towers  on  the  stringer  ends,  rather  than  directly  on  the  cross- 
girder,  was  that  the  presence  of  the  old  track  stringers,  framed  into 
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the  cross-girders,  did  not  permit  a  satisfactory  connection  of  the  sup- 
porting bent  to  the  cross-girder. 

Fig.  31  shows  a  cross-section  of  the  structure  at  the  platforms.  The 
ends  of  the  express-track  stringers  which  rest  on  top  of  the  bent,  are 
cut  so  as  to  form  seats  for  two  24-in.  I-beams  which  are  flush  at  the 
top  with  the  top  of  the  stringers,  and  cantilever  at  each  end,  the 
cantilever  ends  supporting  the  inside  girders  which  carry  the  express 
platform.  The  outside  edge  of  the  platform  was  supported  on  girders 
resting  on  columns  which  were  again  supported  by  the  lower-level 
cross-girders.  In  order  to  make  the  vertical  distance  from  the  lower 
deck  to  the  upper-deck  platform  as  small  as  possible,  the  express  plat- 
form construction  was  made  very  shallow.  On  account  of  the  addi- 
tional loading,  due  to  the  express  platforms,  the  lower-deck  cross- 
girders  and  columns  were  renewed. 

At  42d  Street  there  is  a  branch  leading  to  the  New  York  Central 
Terminal  Station,  to  which  passengers  transfer  from  the  Third  Avenue 
Line  Station  at  42d  Street.  Before  the  reconstruction,  access  to  this 
branch  from  the  up-town  platform  at  42d  Street  was  had  by  a  bridge 
crossing  over  the  tracks  to  the  down-town  platform,  which  connected 
directly  with  the  branch  platform.  The  overhead  bridge  interfered 
with  the  new  overhead  express  station  structure  and  therefore  was 
removed,  and  in  its  place  a  bridge  was  provided  under  the  lower- 
deck  structure.  On  account  of  the  small  head-room  between  the  street 
and  the  structure,  the  depth  of  the  stringers,  under  which  the  bridge 
had  to  pass,  was  cut  down,  as  shown  by  Fig.  29.  The  old  stringers 
were  lattice  girders.  The  remodeled  portions  of  the  stringers  were  rein- 
forced with  web-plates. 

Details  of  Design. — Section  No.  4- A. — Section  No.  4-A  comprised 
the  Second  Avenue  Line  from  Chatham  Square  to  116th  Street.  Prior 
to  this  reconstruction  work,  a  center-track  construction  existed  on  cer- 
tain portions  of  the  line.  The  work  comprised  the  completion  of  the 
center-track  structure;  the  double  latticing  of  the  existing  center- track 
stringers;  the  reconstruction  of  the  stations  at  14th,  42d,  and  86th 
Streets  for  express  service;  and  the  rebuilding  of  the  island  station  at 
92d  Street. 

Fig.  30  shows  a  cross-section  of  the  structure  before  the  reconstruc- 
tion.    The  columns  are  of  the  six-section  Phoenix  type.     The  cross- 
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girders  are  twin  lattice  girders  and  the  track  stringers  are  lattice  girders 
supported  on  top  of  the  cross-girders  by  a  lip  7  in.  deep. 

Where  the  work  consisted  of  adding  center-track  girders  only,  no 
changes  were  made  to  the  existing  structure.  As  it  was  generally 
desirable  to  have  the  center  track  at  the  same  elevation  as  the  outside 
tracks,  and  necessary  at  switches  and  cross-overs,  the  new  center-track 
stringers  were  also  designed  with  a  7-in.  lip,  as  shown  by  Fig.  34. 
The  effective  lip  consisted  of  the  top  flange  angles,  the  bottom  angles 
of  the  lip,  which  were  extended  about  4  ft.  over  the  main  portion  of 
the  girder,  and  two  6-in.  ship-building  channels,  also  extended  4  ft. 
over  the  main  portion  of  the  girder.     The  end  shear  is  36  000  lb.  for 
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2-6'@21.6-lb.  Shipbuilding  C's 


SEVEN -INCH 
LIP  STRINGER 

ENLARGED  SECTION  B-B 
Fig.  34. 

a  45-ft.  span,  which  is  the  standard  length,  and  the  section  modulus 
of  the  combined  lip  section  is  58.6.  Assuming  the  load  on  the 
lip  to  be  applied  12  in.  from  the  main  portion  of  the  girder,  the  maxi- 
mum stress  in  the  lip  is  7  500  lb.  This,  however,  is  only  true  if  the 
rivets  connecting  the  dift'erent  sections  of  which  the  lip  is  constructed 
are  sufficient  to  make  them  act  together  as  a  unit.  The  rivets  in  the 
web  portion  of  the  lip  were  not  sufficient  for  this  purpose,  as  they  were 
too  close  to  the  neutral  axis.  The  channel  section,  therefore,  was  used, 
in  order  to  be  able  to  utilize  the  rivets  in  the  horizontal  flanges  to  take 
up  the  shear,  and  as  the  flanges  in  a  standard  6-in.  channel  were  too 
narrow  to  use  l-in.  rivets,  the  ship-building  channel  was  selected. 
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As  the  head-room  under  the  structure  at  the  14th  Street  Station 
did  not  permit  the  construction  of  a  mezzanine  station,  the  "hump"  type 
of  express  station  was  used.  At  this  station,  prior  to  the  reconstruc- 
tion, there  existed  center-track  girders,  but  they  were  removed,  as 
they  interfered  with  the  construction  of  the  new  bents,  and  were  not 
used  in  the  new  structure,  as  the  7-in.  lip  construction  of  these  girders 
was  not  desirable  in  the  new  work.  Fig.  35  shows  the  details  of  the 
new  structure  carrying  the  express  track.  Lips  of  increasing  depth 
were  used  to  raise  the  track  stringers  to  the  new  grade  at  the  begin- 
ning of  the  approach.  When  the  stringers  reached  above  the  cross- 
girders,  pedestals,  riveted  to  the  ends  of  the  stringers,  were  used,  being 
intended  at  the  same  time  to  stiffen  the  stringers  longitudinally.  When 
the  pedestals  reached  a  height  of  about  5  ft.,  two-post  bents  were  used 
for  supporting  the  track  stringers.  These  bents  were  stiffened  longi- 
tudinally in  pairs,  as  shown,  and  were  held  from  lateral  overturning  by 
plates  riveted  to  the  bottom  of  the  posts  and  extending  through  the 
space  between  the  twin  cross-girders  to  connection  with  the  vertical 
web  member  of  the  cross-girders. 

The  bents  in  front  of  the  express  station  platform  were  provided 
with  plate  brackets  for  the  support  of  the  inside  express  platform 
girders ;  the  outside  platform  girders  were  carried  on  columns,  as  shown 
by  Fig.  36,  extending  through  the  lower-deck  platforms,  and  supported 
on  the  lower-deck  cross-girders.  The  deck  construction  of  the  plat- 
form was  made  very  shallow,  as  at  the  other  hump  stations,  in  order 
to  keep  the  level  of  the  upper  deck  as  low  as  possible. 

The  86th  Street  Station  was  also  a  hump  station.  In  the  original 
scheme,  no  express  station  was  to  be  built  at  this  location,  but,  after 
all  the  steel  for  the  new  track  stringers,  which  were  designed  with 
7-in.  lips,  to  be  set  directly  on  top  of  the  existing  cross-girder,  had 
been  fabricated  and  delivered,  the  Public  Service  Commission  ordered 
an  express  station  to  be  built  there.  The  general  details  of  the  steel 
structure  were  similar  to  those  at  14th  Street,  except  that  seats  were 
provided  on  top  of  the  supporting  bents  to  carry  the  lip  ends  of  the 
track  stringers  as  fabricated. 

The  42d  Street  Station  had  originally  two  side-platforms.  As  the 
head-room  from  the  street  to  the  under  side  of  the  structure  could  be 
made  sufficient  to  place  a  mezzanine  station  by  raising  the  existing 
track  construction   about   1   ft.,  this  type  of  station   was  decided  on 
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at  this  point.  The  raising  of  the  track  structure  was  accomplished, 
without  disturbing  the  existing  columns  and  cross-girders,  by  support- 
ing the  lips  of  the  track  stringers  on  seats,  resting  on  top  of  the  cross- 
girders.  As  the  new  arrangement  of  the  station  required  considerably 
greater  width  of  structure  than  formerly,  the  cross-girders  were 
extended  at  both  sides,  the  extensions  being  carried  by  columns  from 
the  sidewalk  near  the  curb  line;  in  other  words,  after  the  reconstruc- 
tion, all  the  cross-bents,  carrying  the  station  structure,  were  four- 
column  bents,  except  one,  which  was  in  the  center  of  42d  Street,  where 
the  traffic  conditions  prohibited  the  placing  of  additional  columns. 
Before  the  reconstruction,  a  few  of  the  bents,  which  supported  the  old 
station  buildings,  had  the  cross-girders  extended  to  the  sidewalk,  where 
they  were  supported  by  columns;  the  old  sidewalk  columns  were  gen- 
erally retained,  but  the  cross-girder  extensions  were  renewed  in  order 
to  carry  the  new  track  loads,  as  shown  by  Fig.  3Y.  The  new  extensions 
were  made  a  twin-girder  construction  in  order  to  provide  supports 
for  the  old  track  stringers  which  were  shifted  to  the  new  location. 
In  order  to  prevent  secondary  stresses  in  the  cross-girder,  the  top 
chords  of  the  existing  cross-girders  were  cut  above  the  street  columns, 
so  as  to  make  the  cross-girder  act  as  three  spans  of  simply  supported 
girders. 

Fig.  38  shows  one  of  the  bents  in  the  span,  where  the  mezzanine 
station  was  placed.  As  the  existing  cross-girder  was  not  sufficiently 
strong  to  carry  the  additional  loading,  which  included  the  mezzanine 
station,  a  new  twin  cross-girder,  divided  into  three  pieces  at  the  points 
of  supports,  was  constructed.  The  portions  of  this  girder  over  the 
central  supports  were  made  with  solid  webs,  in  order  to  get  sufficient 
rivets  to  carry  the  shear,  and,  to  make  the  section  open  for  painting, 
etc.,  holes  were  cut  in  the  webs,  as  shown  on  Fig.  38.  The 
existing  street  columns  were  retained  for  the  support  of  this  bent, 
but  the  sidewalk  columns  were  renewed  in  order  to  make  connections 
for  brackets  to  support  the  new  stairways  leading  to  the  mezzanine. 
The  other  bent,  supporting  the  mezzanine  station,  was  in  the  center 
of  42d  Street  and,  therefore,  could  not  be  provided  with  more  than 
two  supporting  columns.  Fig.  39  shows  the  details  of  this  bent.  New 
and  heavy  columns  with  over-all  dimensions  of  15  by  18  in.  were  used 
to  support  the  new  twin  cross-girders,  which  were  made  6  ft.  deep  in 
order  that  they  would  be  strong  enough  to  carry  the  loading  on  the 
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cantilevers,  16  ft.  6  in.  long.  The  track  was  carried  on  through  bridge 
girders,  which  also  supported  the  platforms  and  the  suspended  mezza- 
nine station. 

At  92d  Street  the  structure  is  high  above  the  street.  The  old 
station  had  a  center  platform,  and  the  station  building  was  at  platform 
level.  Access  to  the  station  was  obtained  by  stairs  at  both  sides  of 
the  street.  The  stairs  were  connected  by  a  bridge  under  the  track 
structures,  and  a  stairway  led  from  this  bridge  to  the  station  building. 
As  the  station  building  and  the  center  platform  were  in  the  way  of 
the  new  center  track,  the  station  was  reconstructed  with  side  platforms 
and  a  mezzanine  station  building,  before  the  existing  station  structure 
was  removed.  Fig.  40  shows  the  construction.  The  twin  cross-girders 
were  lengthened  to  support  the  new  platform  girders,  and  the  latter 
were  set  on  top  of  the  cross-girders,  and  carried  the  new  platform 
construction.  For  the  support  of  the  mezzanine  station,  two  girders 
were  framed  into  the  Phoenix  columns  supporting  the  structure, 
one  on  each  side  of  the  street  in  the  span,  when  the  mezzanine  station 
was  built.  As  it  was  not  considered  advisable  to  disturb  the  existing 
riveting  of  the  Phoenix  columns,  beveled  fillers,  with  holes  cut  at 
the  locations  of  the  rivet  heads,  were  added  between  the  flange  of  the 
column  and  the  splice-plates,  connecting  the  girders  to  the  column. 

The  purpose  of  double  latticing  the  existing  center-track  stringers 
was  to  reduce  the  bending  stress  in  the  top  flanges  by  short- 
ening the  distance  between  the  panel  points,  and  to  reinforce  the 
connection  at  the  end  lip,  which,  experience  has  shown,  is  the  weakest 
point  of  the  stringer.  The  general  method  of  reinforcing  is  shown 
by  Fig.  44,  and  is  the  standard  reinforcement  for  track  stringers  of 
this  type  used  prior  to  this  work.  The  method  of  end  reinforcing 
is  not  entirely  satisfactory,  as  the  rivets  are  in  tension,  but,  never- 
theless, it  acts  as  an  additional  safeguard. 

Details  of  Design. — Section  No.  5-A. — Section  No.  5-A  included 
the  Third  Avenue  Line  between  116th  and  129th  Streets  and  in  129th 
Street  between  Third  and  Second  Avenues.  The  work  involved  the 
reconstruction  of  the  station  at  125th  Street  for  express  service  and 
the  connection  of  the  express  track  with  the  upper  deck  of  the  Harlem 
Eiver  Bridge.  North  of  125th  Street  Station  it  was  desired  to  retain 
the  existing  center  track  on  the  lower  level,  as  it  was  used  as  the 
main    north-bound    track,    while    the    outside   track    was    used    as    an 
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approach  track  to  the  Company's  Yard  at  129th  Street.  It  became 
necessary,  therefore,  to  carry  the  over-head  track  high  enough  to  pro- 
vide sufficient  head-room  for  the  trains  below,  and  as  it  was  desired 
to  keep  the  over-head  track  approximately  level  through  the  station, 
this  height  was  maintained  to  the  south  end  of  the  over-head  platforms. 
The  approach  to  the  over-head  track  commenced  at  a  point  near 
121st  Street.  As  there  had  been  a  center-track  structure  prior  to  the 
reconstruction,  the  general  type  of  construction  was  similar  to  that 
described  under  Section  No.  3,  for  the  northerly  approach  to  the  42d 
Street  Station,  with  tapered  girders,  seats,  and  towers  supporting  the 
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over-head  tracks.  Fig.  41  shows  a  cross-section  of  the  upper-deck 
structure  at  the  station.  On  account  of  the  upper-deck  track  being 
carried  higher  above  the  grade  of  the  lower  deck  than  at  42d  Street, 
it  was  possible  to  carry  cross-girders  above  the  local  tracks  to  support 
the  express  platform  girders.  These  cross-girders  are  supp>orted  at 
the  inside  by  the  towers  carrying  the  track  structure  and  at  the  out- 
side by  columns  resting  on  the  lower-deck  cross-girders. 

North  of  the  125th  Street  Station,  where  the  lower-deck  center 
track  was  retained,  the  distance  between  the  tracks  was  increased  by 
moving  the  supporting  track  stringers  sidewise  with  the  tracks  to 
make  room  for  the  columns  of  two-column  bents,  set  on  the  top  of 
the  lower-deck  cross-girders  to  carry  the  upper-deck  track  structure. 
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Fig.  42  shows  the  details  of  these  bents.  The  column  section  was  made 
only  12  in.  wide,  in  order  to  make  the  sidewise  shifting  of  the  tracks 
as  small  as  possible.  The  columns  were  spliced  to  the  supporting 
lower-deck  cross-girders,  and  extended  to  the  top  of  the  upper-deck 
cross-girders,  which  were  riveted  to  the  column  shafts.  The  upper- 
deck  track  stringers  were  of  the  lip  type,  resting  on  top  of  the  cross- 
girders,  and  the  bottoms  of  the  stringers  were  flush  with  the  bottoms 
of  the  cross-girders.  Longitudinally,  the  bents  were  provided  with 
stiffening  trusses  extending  from  the  top  of  the  columns  to  within 
about  6  ft.  of  the  lower  track  level,  so  as  to  leave  a  clear  walking 
space  below  the  trusses. 


Fig.  JQ 


At  128th  Street,  the  presence  of  a  cross-over  on  the  lower  deck 
prevented  the  placing  of  the  columns  for  an  upper-deck  bent  on  the 
lower  cross-girder,  and  the  upper-deck  structure,  therefore,  was  car- 
ried a  distance  of  about  90  ft.  between  the  supports.  A  through  bridge 
construction  was  used  for  this  span,  as  shown  by  Fig.  43,  in  order  to 
get  sufficient  depth  of  the  longitudinal  girders.  Fig.  43  shows  also 
a  cross-section  of  one  of  the  supporting  bents.  As  the  column  section 
could  not  be  materially  widened,  on  account  of  the  necessity  of  main- 
taining the  proper  clearance  between  the  side  of  the  car  and  the  column, 
the  column  section  necessary  for  the  increased  vertical  loading  and 
wind  stresses  was  obtained  by  increasing  the  column  shaft  lengthwise. 
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The  through  bridge  girders  were  supported  directly  on  top  of  the 
columns,  and  the  secondary  track  stringers  were  framed  into  the 
floor-beam  girders.  The  track  stringers  of  the  adjacent  spans,  which 
were  of  the  standard  lip  type,  were  supported  on  seats  attached  to 
the  web  of  the  end  floor-beam  girders. 

The  other  bent,  supporting  the  through  bridge  girders,  is  shown 
by  Fig.  45.  On  account  of  the  lower-level  track  layout,  the  columns 
supporting  the  upper-deck  structure  had  to  be  placed  outside  of  the 
lower-deck  tracks.  They  were  made  15  in.  square  in  cross-section, 
and  one  of  them  was  carried  down  to  the  street,  making  the  lower-deck 
bent  a  three-column  bent.  This  was  made  necessary  because  the 
tracks  of  the  lower  deck  at  this  point  curved  into  the  129th  Street 
Yard,  and,  therefore,  were  considerably  outside  of  the  regular  street 
columns.  The  other  column  was  supported  by  the  cantilever  end  of 
the  new  lower-deck  cross-girder. 

From  the  south  end  of  the  125th  Street  Station  to  a  point  north 
of  128th  Street  the  existing  columns  and  cross-girders  were  replaced 
with  a  new  structure  on  account  of  the  added  loading,  as  shown  by 
Figs.  42  and  45.  As  reinforcement  for  these  girders  had  been  designed 
and  fabricated  ready  to  place  prior  to  this  reconstruction  work,  it 
was  first  intended  to  use  this  material,  with  such  additional  material 
as  might  be  required,  for  reinforcing  the  existing  cross-girders  to 
carry  the  additional  load.  It  was  found,  however,  that  the  weight 
of  the  reinforcing  material  greatly  exceeded  that  of  a  new  girder, 
and  that  the  field  work  would  be  considerably  greater;  it  was  decided, 
therefore,  as  previously  stated,  to  use  new  girders.  South  of  the 
125th  Street  Station  the  cross-girders  were  reinforced,  as  shown  by 
Fig.  50.  The  track  stringers  of  the  lower  deck  were  remodeled  at 
the  ends  to  connect  to  the  reinforced  and  new  cross-girders.  Riveted 
connections  were  made  at  the  fi:xed  points,  and  seats  were  provided  at 
the  expansion  points,  as  shown  by  Fig.  50. 

North  of  the  125th  Street  Station,  where  the  outside  track  girders 
were  shifted,  the  procedure  was  first  to  erect  the  new  cross-girders 
with  the  stringers  in  the  original  position,  and  then  to  shift  the 
stringers  to  their  new  position.  The  cross-girders  were  provided,  there- 
fore, with  temporary  seats  for  the  girders  in  the  old  position,  as  well 
as  with  permanent  seats. 


598 


MANHATTAN    ELEVATED    RAILWAY    IMPROVEMENTS 


MANHATTAN   ELEVATED   RAILWAY   IMPROVEMENTS  599 

The  existing:  structure  in  129th  Street  was  sufficiently  strong^  to 
carry  the  additional  loading  of  the  upi)er  level  track  without  rein- 
forcement. At  the  westerly  end  of  129th  Street,  the  existing  structure 
carried  a  wide  platform  of  the  129th  Street  Station.  The  columns 
supporting  the  upper-track  structure  were  carried  through  this  plat- 
form to  the  lower-deck  cross-girders,  to  which  they  were  spliced.  East 
of  the  platform  the  column  locations  were  determined  by  the  track 
arrangement  of  the  lower  deck.  The  general  details  of  the  bents  were 
similar  to  those  of  the  bents  in  Third  Avenue,  north  of  the  125th  Street 
Station,  except  that  the  stringers  were  supported  on  seats  attached  to 
the  web  of  the  cross-girders  and  that  the  latter,  in  several  cases, 
cantilevered  at  the  one  end  over  the  column  and  supported  the  one 
line  of  track  stringers  on  the  cantilever  end,  as  shown  by  Fig.  46.  At 
the  east  end  of  the  structure,  the  new  track  divided  into  two  to  connect 
with  the  upper-deck  tracks  of  the  Harlem  River  Bridge. 

Details  of  Design. — Section  No.  5-B. — Section  No.  5-B  covered  the 
structure  of  the  Second  Avenue  Line  in  Second  Avenue  between  116th 
and  129th  Streets.  The  existing  structure  carried  three  tracks  between 
n6th  Street  and  the  entrance  to  the  Yard  at  129th  Street.  Beyond 
this  point  there  was  a  two-track  connection  to  the  existing  Harlem 
River  Bridge.  Stations  were  established  at  121st  and  127th  Streets. 
The  existing  type  of  structure  was  as  shown  by  Fig.  30  and  described 
under  Section  No.  4-A,  consisting  of  Phoenix  columns,  twin-lattice 
cross-girders,  and  lattice  track  stringers  supported  on  the  cross-girders 
by  lips,  7  in.  deep. 

The  new  plan  involved  replacing  the  existing  station  at  127th  Street 
with  a  new  express  station  at  125th  Street,  the  connection  of  the 
express  and  local  tracks  with  the  upper  deck  of  the  new  Harlem  River 
Bridge,  and  the  connection  of  the  reconstructed  local  tracks  with  the 
lower  deck  of  the  Harlem  River  Bridge  and  with  the  Yard. 

The  existing  structure  at  125th  Street  was  low,  but,  in  order  to 
make  proper  connection  to  the  upper  deck  of  the  Harlem  River  Bridge, 
it  was  raised  sufficiently  to  make  it  possible  to  construct  the  new  station 
at  125th  Street  as  a  mezzanine  station.  All  three  tracks  were  raised, 
starting  at  a  point  near  122d  Street,  and,  at  125th  Street,  the  rise 
amounted  to  about  7J  ft. 

Fig.  51  shows  the  construction  used  to  raise  the  track  at  the  begin- 
ning of  the  grade.     The  ends  of  the  track  stringers  were  remodeled, 
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and  the  sizes  of  the  supporting  lips  were  gradually  increased  until  a 
point  was  reached  where  the  track  stringers  rested  entirely  on  top 
of  the  cross-girders.  After  this  point  was  reached  the  existing  cross- 
girders  were  raised  with  the  track  stringers,  which  necessitated  replacing 
the  existing  columns  with  new  and  longer  ones,  but  did  not  involve 
any  change  in  the  track  stringers.  Fig.  52  shows  the  details  of  the 
new  columns  and  their  longitudinal  and  transverse  bracing,  which 
extends  from  the  top  of  the  columns  to  within  about  14  ft.  of  the 
street  level.  The  column  section  was  the  standard  section  used  for 
the  improvement  works.  On  account  of  the  wide  base  of  the  support 
of  the  cross-girder  on  the  column  tops,  and  the  stiffness  of  the  cross- 
girder,  no  splicing  of  the  columns  to  the  cross-girder  was  necessary. 
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REMODELING  OF  CENTER  TRACK    LONGITUDINAL  GIRDERS 
AT   BENT  892 

Fig.  51. 

As  the  columns  had  to  be  erected  under  cross-girders  in  place  and 

over  existing  foundations  with  anchor-bolts  in  place,  a  detachable  type 

of  base  was  used,  but,  on  account  of  the  sub-surface  conditions,  they 

differed  somewhat  from  those  already  described.     There  was  a  12-in. 

gas  pipe  and  also  a  12-in.  water  main  at  the  west  side  of  Second  Avenue, 

almost  directly  under  the  columns.     The  old  foundations,  which  were 

retained,  were  divided  at  the  top  into  three  parts,  with  the  gas  and 

water  mains  passing  between  the  three  portions  of  the  fovmdations. 

The  old  columns  had  cast-iron  bases,  into  which  the  column  shafts 

fitted  and  were  connected  by  rust  caulking.     Some  of  the  cast-iron 

bases  were  shaped  to  bridge  across  the  openings  in  the  foundations. 


MANHATTAN   ELEVATED   RAILWAY   IMPROVEMENTS 


601 


and  others  rested  on  top  of  grillage  beams  spanning  the  openings. 
The  detachable  parts  of  the  new  bases  were  made  of  a  similar 
shape  to  fit  the  anchor-bolts,  but  they  were  of  cast  steel,  and  were 
connected  to  the  fixed  portion  of  the  base  by  six  bolts.  The  bases  on 
the  east  side  of  the  street,  where  the  foundations  were  built  in  one 
piece,  were  made  shorter,  but,  for  the  sake  of  uniformity,  of  a  similar 
construction. 


NEW  COLUMNS  AND 
STIFFENING  TRUSSES 
SECOND  AVENUE  LINE 
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Fig.  52. 
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The  width  of  the  structure  had  to  be  increased  throughout  the 
125th  Street  Station  on  account  of  the  additional  space  needed  for 
the  platforms.  This  was  accomplished  by  adding  new  pieces  to  both 
ends  of  the  cross-girders,  supported  at  one  end  by  seats  attached  to 
the  existing  cross-girders  and  at  the  other  end  by  columns  on  the 
sidewalk,  near  the  curb  line.  At  125th  Street,  where  the  curvature 
of  the  curb  around  the  street  comers  prevented  the  placing  of  the  side- 
walk columns  on  line  with  the  other  sidewalk  columns,  the  cross-girder 
extensions  were  lengthened,  and  the  columns  were  placed  along  the 
curb  line  in  125th  Street  on  line  with  the  Second  Avenue  building  line. 

Fig.  53  shows  the  details  of  the  seats  and  the  cross-girder  exten- 
sions. The  existing  twin  cross-girders  had  flange  angles  turned  back 
to  back,  and  each  had  four  angle  end  stiffeners.  Plates  were  inserted 
between  each  set  of  stiffener  angles  extending  beyond  the  end  of  the 
girder,  and  the  seat  was  attached  to  these  plates;  the  cross-girder 
extensions  rested  with  a  lip  on  these  seats.  Where  the  existing  track 
stringers  were  to  be  supported  on  these  extensions,  the  tops  of  the 
extensions  were  made  flush  with  the  existing  cross-girders,  and  wide 
seats  were  made  at  the  proper  places  for  the  lips  of  the  track  stringers 
to  rest  on. 

The  mezzanine  station  was  placed  in  the  span  across  125th  Street, 
and  this  span  was  63  ft.  long.  As  usual  at  mezzanine  stations,  the 
whole  construction  was  carried  by  through  bridge  girders  in  this  span, 
as  shown  by  Fig.  54.  For  the  purpose  of  obtaining  better  end  details, 
the  cross-girder  extensions  in  this  span  were  set  with  the  top  flanges 
higher  than  the  main  portion  of  the  cross-girders,  and  the  end  lips 
of  the  outside  through  bridge  girders,  which  rested  on  the  extension, 
were,  therefore,  somewhat  different  from  those  of  the  other  through 
bridge  girders.  The  center  through  bridge  girders,  which  also  acted 
as  platform  girders,  had  end  lips  nearly  the  full  width  of  the  flanges 
of  the  supporting  twin  girders  on  end  seats,  so  as  to  distribute  the 
load  uniformly  over  the  twin  girders.  The  outside  through  bridge 
girders,  which  carried  a  load  very  much  smaller  than  the  other  girders, 
were  supported  by  a  shallower  flange  on  the  cross-girder  extensions. 
The  adjacent  track  stringers  of  the  outside  tracks  were  remodeled  and 
carried  on  seats  on  the  girder  extensions.  The  through  bridge  floor 
consisted  of  built-up  floor-beams  and  secondary  track  stringers  con- 
sisting of  pairs  of  X-beams  framed  into  the  floor-beams. 
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Outside  of  the  mezzanine  span,  the  platform  stringers  consisted  of 
plate  girders  supported  on  top  of  the  cross-girders.  Fig.  47  shows 
a  cross-section  of  the  structure  at  the  through-bridge  span  and  outside 
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of  this  span.  On  account  of  the  heavy  load  on  the  columns  in  the 
through  bridge  span,  they  were  built  up  of  the  following  material: 
two  18-in.,  60-lb.  channels,  four  6  by  4  by  |-in.  angles,  and  one  13  by 
f-in.  web-plate. 
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North  of  the  125th  Street  Station  the  three-track  line  was  changed 
into  four  tracks,  with  the  two  center  tracks  ascending  to  the  level  of 
the  upper  deck  of  the  Harlem  River  Bridge  and  the  two  outside  tracks 
descending  to  the  original  level  just  south  of  128th  Street  where  con- 
nection was  made  with  the  129th  Street  Yard.  The  details  of  the 
lower-deck  reconstruction  were  similar  to  those  south  of  the  125th 
Street  Station.  The  upper-deck  structure,  as  far  as  the  yard  cross- 
ing, consisted  of  two-post  bents  set  on  top  of  the  lower-deck  cross- 
girders,  braced  laterally  and  longitudinally.  At  one  point,  where  the 
outside  lower  track  turns  under  the  new  upper-deck  structure,  the  dis- 
tance between  the  track  levels  required  very  shallow  track  girders,  as 
shown  by  Fig.  48.  In  order  to  gain  as  much  depth  as  possible,  these 
girders  were  tapered,  the  top  flange  following  the  grade  of  the  upper- 
deck  track,  and  the  lower  flange  being  horizontal. 

North  of  the  yard  crossing,  the  lower-deck  tracks  were  carried  under 
the  upper-deck  tracks  in  order  to  obtain  as  easy  curves  as  possible  at 
the  connection  to  the  Harlem  River  Bridge.  Fig.  49  shows  a  typical 
bent  supporting  the  structure  at  this  location.  As  the  span  was  wide 
the  cross-girders  were  made  deeper,  extending  above  the  top  of  the 
track  stringers,  which  rested  on  seats  attached  to  the  cross-girder  webs. 
The  bents  were  braced  longitudinally  for  the  full  length  of  the  columns 
and  laterally  by  plate  brackets.  At  the  bottom,  the  columns  were  spliced 
to  the  supporting  cross-girders. 

Details  of  Design. — Section  No.  5-C. — Section  No.  5-C  comprised 
the  bridge  carrying  the  Second  and  Third  Avenue  Lines  across  the 
Harlem  River  at  129th  Street.  The  old  bridge  (Fig.  56)  had  three 
spans,  supported  on  five  piers  carried  down  to  an  elevation  of  32  ft. 
below  mean  high  water,  and  resting  on  a  solid  bed  of  sand  and  gravel. 
The  old  bridge,  which  carried  two  tracks  and  two  footwalks,  was  a  pin- 
connected  structure,  built  in  1887;  since  that  time  it  has  been  in 
continuous  operation,  and  was  in  good  condition  when  removed.  The 
center  span  was  a  swing  span,  supported  on  a  drum  bearing,  and 
turned  by  a  rope  drive  by  hydraulic  power. 

Fig.  55  shows  a  cross-section  of  the  drum.  The  drum  consisted 
of  two  12-in.  channels  connected  to  a  sleeve  over  the  center  pin  by 
shallow  built-up  girders.  It  supported  the  bridge  structure  at  six 
points,  and  was  itself  supported  on  rollers  running  on  a  circular 
track   and  held   in  position  by  tie-rods   and   angles.     To   the  outside 
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ends  of  the  axles  of  the  rollers  was  attached  a  ring  with  a  semicircular 
groove  in  which  was  laid  the  cable  that  turned  the  bridge.  This 
cable  went  around  about  three-quarters  of  the  ring,  and  was  carried 
up  to  the  under-side  of  the  operating  tower  over  vertical  sheaves,  set 
tangential  to  the  ring.  The  cable  was  then  carried  over  sheaves  that 
changed  the  direction  to  the  horizontal,  so  that  the  cable  could  be 
connected  to  the  horizontal  hydraulic  ram  under  the  floor  of  the 
operating  tower.  It  will  be  noted  that  the  speed  of  the  cable  deter- 
mines the  horizontal  speed  of  the  rollers,  but  that  the  speed  of  the 
drum  is  determined  by  the  circumferential  speed  of  the  rollers,  and 
the  drum,  therefore,  travels  at  a  speed  equal  to  twice  that  of  the  cable. 
It  may  be  stated  that  the  arrangement  worked  satisfactorily,  and  that 
the  bridge  could  be  opened  very  quickly,  but  that,  on  account  of  the 
shallow  drum,  the  bearing  on  the  rollers  was  not  uniform  and  caused 
them  to  wear  out. 

The  new  track  facilities,  on  account  of  the  Manhattan  Elevated 
Improvements,  involved  the  construction  of  a  double-deck  four-track 
structure  in  place  of  the  existing  two-track  bridge,  but  it  was  neces- 
sary to  maintain  traffic,  except  during  short  periods,  over  the  two 
existing  tracks.  It  was  decided,  therefore,  to  build  an  entirely  new 
bridge  at  a  location  where  the  work  would  not  interfere  with  the  opera- 
tion of  the  existing  bridge,  and,  when  the  erection  of  the  new  bridge 
was  finished,  to  replace  the  old  spans  with  the  new  spans  complete. 
The  method  of  doing  this  work  is  described  later  vinder  the  heading, 
"Erection." 

Fig.  57  shows  the  new  bridge.  The  length  of  the  end  spans,  from 
center  to  center  of  piers,  was  103.28  ft.,  and  the  length  of  the  swing 
span  was  248.4  ft.  over  all.  The  clear  openings  of  the  swing  span  were 
103.7  ft.  The  new  bridge  was  built  as  a  pin-connected  structure.  Fig. 
86  shows  the  construction  of  the  north  span. 

The  new  swing  span  was  center-supported.  It  was  at  first  in- 
tended to  design  the  new  bridge  as  rim-supported,  similar  to  the  old 
bridge,  but  it  was  found  that  the  depth  of  the  new  drum,  needed  in 
order  to  avoid  undue  deflection,  would  necessitate  the  removal  of  a 
considerable  jwrtion  of  the  center  pier,  and  this  could  not  be  done 
without  interfering  with  the  operation  of  the  bridge  for  a  considerable 
length  of  time.  The  casting  for  the  center  support  of  the  new  bridge, 
as  designed,  necessitated  the  removal  of  a  portion  of  the  pier,  but  this 
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work  could  be  done  without  interfering  with  the  traffic,  as  hereafter 
described. 

Plate  IX  shows  the  center  casting  and  the  arrangement  of  the 
operating  machinery.  The  weight  of  the  bridge  was  carried  to  the 
casting  through  three  disks,  on  which  the  bridge  turned.  The  center 
disk  was  made  of  phosphor-bronze  and  the  other  two  were  steel 
forgings. 

The  turning  machinery  was  driven  by  two  40-h.p.  electric 
motors,  and  two  other  40-h.p.  electric  motors  were  provided  for 
the  operation  of  wedges  and  rail-lifts.  After  the  machinery  had 
been  received  and  erected,  and  while  the  swing  span  was  still 
resting  on  the  pile  foundation  on  which  it  was  erected,  an 
attempt  was  made  to  work  the  operating  machinery.  It  was  then 
found  that  the  bearings  for  the  beveled  gears  were  not  sufficiently  stiff 
under  the  stress,  and  that  the  gears  were  thrown  out  of  line  and  became 
bound.  The  cause  of  the  trouble  was  that  the  bearings  for  the  beveled 
gears  were  cast  and  supported  independently  of  one  another.  A  new 
set  of  castings  was  designed,  therefore,  with  two  bearings  for  the  cor- 
responding gears  in  the  same  casting,  and  after  they  had  been  placed 
no  further  trouble  was  experienced. 

The  method  of  determining  the  live-load  stress  in  the  swing  span 
deserves  to  be  stated.  When  closed,  the  bridge  is  supported  on  three 
bearings,  and  is,  therefore,  statically  indeterminate.  The  usual  way 
of  determining  the  stress,  by  the  three-moment  method,  which  assumes 
uniform  moment  of  inertia  throughout  the  truss,  was  evidently  not 
satisfactory,  as  the  moment  of  inertia  varies  greatly,  and  it  was  found 
by  comparing  the  stresses  obtained  in  this  manner  with  those  deter- 
mined by  the  accurate  method  hereafter  described,  that  the  stresses 
by  the  first  method  were  in  error  as  much  as  100  per  cent. 

The  method  used  was  developed  for  this  purpose  by  F.  W.  Gardiner, 
M.  Am.  Soc.  C.  E.,  and  is  described  as  follows: 

Consider  the  member,  E-m  (Fig.  58),  cut  at  the  center;  the  truss 
will  then  be  two  single  spans,  and  will  be  statically  determinate.  Apply 
to  the  cut  ends  of  H-m  two  equal  and  opposite  forces  just  sufficient  to 
hold  the  ends  in  contact.  The  stresses  in  the  truss  members  for  any 
condition  of  loading  will  then  be  the  combined  stresses  computed  as  a 
single  span  and  the  stresses  induced  by  a  pair  of  equal  and  opposite 


Fig.  56.- — Old  Harlem  River  Bridge. 
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Fig.  57. — Harlem  River  Bridge.     New  Swing  Span. 
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forces  applied  at  the  cut  ends  of  H-m,  and  just  sufficient  to  hold  the 

cut  ends  in  contact  for  the  position  of  loading  to  be  computed. 

In  order  to  determine  the  forces  to  be  applied  to  the  cut  ends  of 

Il-m,  it  is  first  neecessary  to  determine  the  distance,  D,  a  pair  of  equal 

and  opposite  forces  of  unity   will  bring  the  ends   of  H-m  together; 

let  this  distance  be  D.     Then,  if,  for  any  condition  of  loading,  the 

horizontal  displacement  of  the  cut  ends  of  Jl-m  is  ^,  the  force  which 

A 
will  hold  the  cut  ends  of  H-dx  in   contact  will  be  — . 

I) 

To  find  Z),  consider  half  the  bridge  with  a  horizontal  force  of  vuiity 

applied   at   the   cut  end   of  H-m.     The  horizontal   movement   of  this 

end  will  be  — ,  and  the  work  done  will  be  — p-. 

The  internal  work  will  be       >■  '-.  where  s' is  the  stress  induced  in 


^>  ,  where  s  is 


the  members  by  unity  horizontal  force  at  the   cut    end  of  i/-««,  and   d 
is  the  elongation  or  compression  of  a  member  ; 

a  E^ 
where  L  =  length  of  a  member, 
a  =  area  of  a  section, 
E  =  modulus  of  elasticity. 

Therefore,  the  internal  work  is  equal  to  - — -;-,  and,  making  this  equal  to 

the  external  work,  we  have, 

I)  s'-'  L 


4  2a  E' 

or, 


I) 


a  E 

It  will  be  sufficient  to  find  the  reactions  for  a  unit  load  at  each 
panel  point,  and  we  could  put  a  unit  load  at  each  panel  point,  compute 
the  horizontal  separation  of  the  cut  ends  of  H-m,  divide  the  separa- 
tion by  D,  giving  the  horizontal  force  necessary  to  hold  the  ends 
together,  and  find  the  reactions  resulting  from  the  combined  action 
of  the  unit  panel  load  and  the  horizontal  force  at  H-m. 

The  work  can  be  much  simplified  at  this  point  by  the  use  of 
Maxwell's  "Eeciprocal  Theorem."  This  theorem,  applied  to  the  bridge 
in  question,   states  that   the   horizontal   displacement   of  the   cut  end 
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of  H-m,  due  to  a  vertical  load  of  unity  at  any  panel  point,  is  equal 

to  the  vertical  displacement  of  the  panel,  due  to  a  horizontal  force 

of  unity  at  the  cut  end  of  H-m. 

This  theorem  can  be  proved  as  follows:  Let  S  =  the  stress  in  the 

members  due  to  a  unit  load  at  a  panel  point,  and  let  S'  =  the  stress  in 

a   member   due  to   a   unit  horizontal   force   at   the   cut  end  of  H-m. 

Then,   the   vertical   displacement   of   the   panel  point,   due  to    a   unit 

,      SS'  L        ^    , 

horizontal    force    at    the    cut    end    of    H-m,    equals    =-,  and  the 

(I  Ml 

horizontal    displacement    of    the    cut    end    of    H-m,    due    to    a    imit 

Sf'    ST 
vertical  load  at  the  panel  point,  equals  =^,   therefore,  the  vertical 

displacement  of  the  panel  point  due  to  a  unit  horizontal  force  at 
H-m  is  equal  to  the  horizontal  displacement  of  H-m  due  to  a  unit 
vertical  load  at  the  panel  point. 

The  extension  or  compression  of  all  the  members  for  a  unit  hori- 
zontal force  at  the  cut  end  of  H-m  has  been  found  in  computing 
the  distance,  D,  and  a  displacement  polygon  is  drawn.  We  know  that 
Point  6  is  fixed,  and  that  the  displacement  of  Point  0  must  be  hori- 
zontal; we,  therefore,  give  0  a  vertical  displacement  by  revolving  the 
diagram  about  Point  6,  until  Point  0  comes  in  horizontal  line  with  0. 
In  doing  this,  we  have  displaced  the  other  panel  points,  in  a  direction 
perpendicular  to  their  radius  with  Point  6  as  a  center,  and  in  amount 
proportional  to  their  distance  from  Point  6.  The  vertical  displacements 
of  the  panel  points  are  taken  by  scale  from  the  diagram,  and  these, 
in  accordance  with  Maxwell's  "Reciprocal  Theorem",  are  equal  to  the 
horizontal  separation  of  the  cut  ends  of  H-m  due  to  a  unit  load  on 
each  panel  point,  respectively. 

Details  of  Design. — Section  No.  5-D. — The  existing  structure 
between  the  Harlem  River  and  133d  Street,  which  comprised  Section 
Xo.  5-D.  was  built  partly  over  the  freight  yard  of  the  New  York,  New 
Haven  and  Hartford  Railroad  and  partly  over  the  Interborough  Rapid 
Transit  Company's  Yard.  The  portion  over  the  New  York,  New 
Haven  and  Hartford  Railroad  Company's  yard  was  a  four-track  struc- 
ture; the  two  outside  tracks  were  the  main-line  tracks  and  the  two 
inside  tracks,  which  gradually  descended  and  at  the  north  side  of  the 
yard  were  carried  under  the  main-line  structure,  were  used  for  shuttle 
service  between   the   station   at  129th   Street   and   Third   Avenue  and 
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the  New  York,  New  Haven  and  Hartford  Railroad  Passenger  Station 
at  Willis  Avenue.  North  of  the  Railroad  Company's  yard  the  existing 
structure  carried  only  the  two  main  tracks,  and  through  the  yard  the 
existing  columns  were  placed  so  as  not  to  interfere  with  the  tracks 
and  platforms. 

The  new  structure  consisted  of  two  additional  tracks  connecting 
with  the  upper  deck  of  the  Harlem  River  Bridge.  Through  the 
New  York,  New  Haven  and  Hartford  Railroad  Company's  Yard 
they  were  directly  above  the  shuttle  tracks,  and  north  of  the  yard 
they  were  continued  between  and  above  the  outside  main  tracks.  Fig. 
72  shows  the  general  plan  and  profiles  through  this  section.  It  may 
be  noted  here  that  the  curved  track  layout  and  the  skew  location 
of  the  bents  throughout  this  section  necessitated  a  specially  careful 
survey  of  the  existing  structure,  and  involved  very  extensive  calcula- 
tions to  determine  the  lengths  and  locations  of  the  members  forming 
part  of  the  new  structure.  It  was  found  that  the  work  was  much 
facilitated  and  more  easily  checked  by  using  analytical  geometry  in 
the  calculations.  A  system  of  rectangular  co-ordinates  was  used;  the 
zero  point  and  the  location  of  the  axes  were  chosen  arbitrarily,  but 
in  such  a  manner  that  all  the  co-ordinates  were  positive,  but  as  small 
as  i)ossible,  so  as,  not  to  have  unnecessarily  large  figures  to  compute. 
The  equations  of  all  the  cross-girders  of  the  old  structure  were  then 
calculated,  as  well  as  those  of  the  new  tracks,  cross-girders,  etc. ;  also, 
the  co-ordinates  of  the  points  of  intersection,  determining  the  lengths 
and  locations  of  the  new  structure  members.  This  method  of  calcula- 
tion was  very  effective,  and  had  the  important  advantage  that  errors 
were  not  carried  from  point  to  point,  and  when  discovered  were  easily 
corrected. 

Plate  X  shows  the  alignment  of  the  old  and  new  structures 
through  the  New  York,  New  Haven  and  Hartford  Railroad  Company's 
Yard.  The  first  bent  of  the  old  structure  was  supported  on  a  masonry 
pier.  The  columns,  supporting  the  new  structure,  were  placed  one  at 
each  end  of  the  old  pier,  as  the  track  spacing  of  the  lower  deck  did  not 
allow  sufficient  room  between  the  tracks  for  the  supporting  columns. 
In  order  to  brace  laterally  the  column  shafts,  which  were  more  than 
48  ft.  long,  a  yoke,  consisting  of  15-in.  channels,  was  fastened  to  the 
columns  at  the  level  of  the  cap-stone  of  the  pier,  and  secured  to  the 
cap-stone   by   expansion   bolts,   as    shown   by   Fig.    59.      The   columns 
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of  the  second  bent  of  the  new  structure  also  had  to  be  placed  outside 
of  the  existing  tracks,  on  account  of  the  necessary  car  clearance 
on  the  lower  deck,  as  shown  by  Fig.  60.  The  new  columns  were  braced 
laterally  to  the  existing  columns,  and  longitudinally  the  columns  of 
this  bent  and  those  of  the  first  bent  were  braced  together  by  two 
stiffening  trusses  between  each  pair  of  columns,  one  truss  below  the 
track  level  of  the  lower  deck  and  the  other  at  the  top  of  the  column, 
so  as  not  to  encroach  on  the  side  clearance  around  the  curved  tracks. 

Fig.  61  shows  the  general  type  of  construction  of  the  following 
bents.  The  existing  structure  was  not  sufficiently  strong  to  carry  the 
additional  loading,  and,  therefore,  the  columns  supporting  the  new 
structure  were  brought  down  to  the  surface.  The  new  columns  had 
to  be  centered  between  the  existing  lower-deck  tracks,  in  order  to  get 
the  necessary  side  clearance,  and  had  also  to  be  kept  on  line  with 
and  within  the  construction  width  of  the  lower-deck  bents,  so  as  not 
to  encroach  on  the  side  clearance  of  the  yard  tracks.  The  existing 
columns  were  only  12  in.  wide,  and  it  was  necessary,  therefore,  to 
make  the  new  ones  of  the  same  width,  and,  in  order  to  get  a  suffi- 
ciently strong  column  section,  the  new  columns  were  made  of  a  box 
section,  as  shown.  The  new  bents  were  not  made  on  line  with  the 
old  ones,  but  crossing  from  one  old  bent  to  the  next  so  as  to  make 
the  new  cross-girders  as  short  as  possible.  Where  the  old  cross-girders 
were  in  the  way  of  the  new  columns,  the  cross-girders  were  cut  to 
make  room  for  the  columns  and  were  supported  by  seats  on  the  new 
column  shafts.  The  old  columns  were  generally  retained  and  tied 
together  with  the  new  ones. 

Owing  to  the  fact  that  it  was  decided  to  support  the  new  columns 
on  the  concrete  foundations  of  the  existing  columns,  as  will  here- 
after be  explained,  the  load  of  the  new  structure  was  transferred  to 
the  existing  column  foundations  by  foundation  girders,  connected  to 
the  column  by  diaphragms,  as  sho^vn. 

Just  south  of  132d  Street,  which  is  only  partly  opened  for  public 
traffic,  the  New  York,  New  Haven  and  Hartford  Eailroad  has  a  freight 
platform  with  a  track  on  each  side.  The  old  bent  (Bent  No.  15)  was 
supported  on  three  columns,  one  centered  on  the  platform  and  the 
two  others  outside  of  the  adjacent  tracks.  The  new  bent  was  placed 
on  line  with  the  old  one.  The  lower-deck  bent  was  entirely  renewed, 
partly  on   account  of  the  additional  loading  and  partly  because  the 
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New  York,  New  Haven  and  Hartford  Railroad  Company  desired  to 
have  the  head-room  under  the  structure  increased,  in  order  to  make 
room  for  overhead  wires  for  electric  traction,  which  were  being  put 
up  in  the  yard.  The  west  column,  supporting  the  overhead  structure, 
was  centered  between  the  lower-deck  tracks,  and  was  supported  on  the 
lower-deck  cross-girder,  because  it  could  not  be  carried  down  to  the 
surface,  where  it  would  have  interfered  with  the  surface  track. 

The  other  bents  in  132d  Street  were  similar  to  this  one  in  general 
details.  The  lower-deck  track  stringers  were  remodeled,  where  they 
crossed  the  surface  tracks  (Fig.  73),  in  order  to  get  sufficient  head-room 
for  the  electric  traction  system.  The  remodeling  was  accomplished 
by  riveting  new  flange  angles  to  the  girder  webs  at  the  desired  height 
and  cutting  away  the  portion  of  the  girders  below  the  new  flanges. 
The  stringer  ends  were  changed  to  rest  on  seats  provided  for  them 
on  the  new  cross-girders. 

Between  132d  and  133d  Streets,  the  existing  structure  carried  only 
two  tracks,  as  the  shuttle  tracks  at  the  Willis  Avenue  Station  turned 
east  through  132d  Street.  The  existing  tracks  between  132d  and  133d 
Streets  were  a  considerable  distance  apart,  and  were  supported  sepa- 
rately on  tower  constructions.  The  two  new  tracks  were  supported 
together  on  similar  tower  constructions.  The  columns  of  the  bents 
on  the  outside  of  the  curved  tracks  were  set  at  an  angle  with  the 
vertical,  in  order  to  provide  for  the  horizontal  thrust  due  to  the 
centrifugal  force. 

The  existing  structure  across  133d  Street  was  supported  by  two 
four-column  bents,  one  near  the  curb  line  on  each  side  of  the  street, 
with  a  span  length  of  about  64  ft.  between  them.  The  new  upper-deck 
structure  was  supported  on  bents  placed  on  a  line  with  the  existing 
bents,  and  with  the  columns  extending  to  the  street,  taking  the  place 
of  the  two  inside  columns  of  each  bent,  as  shown  by  Fig.  62.  The 
old  cross-girders  were  supported  by  seats  on  the  new  columns,  and 
the  columns  were  cross-braced  transversely.  The  new  track  structure 
was  supported  between  the  bents  by  deep  lattice  girders  carried  by 
seats  attached  to  the  columns  and  acting  as  longitudinal  stiffening 
trusses  as  well  as  supporting  girders.  The  deck  was  carried  on  top 
of  these  girders,  and  consisted  of  shallow  cross-girders  and  secondary 
track  stringers,  made  up  of  two  I-beams,  framed  into  the  cross-girders. 
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Details  of  Design. — Section  No.  6-A. — Section  No.  6-A  extended 
from  133d  to  147th  Street.  The  portion  from  133d  to  145th  Street 
ip  on  a  private  right  of  way,  50  ft.  wide;  the  remainder  is  in  Third 
Avenue.  The  existing  structure  was  a  two-track  line,  and,  through 
the  right  of  way,  consisted  of  track  stringers  supported  on  masonry 
piers,  except  at  street  crossings,  where  they  were  supported  on  column 
bents.  There  were  stations  with  center  platforms  at  133d,  138th, 
and  143d  Streets.  The  new  work  included  the  addition  of  two  over- 
head tracks  from  133d  Street  to  a  point  north  of  143d  Street,  where 
the  two  tracks  joined  and  ran  as  a  single  track  down  to  the  grade  of 
the  lower-deck  track  at  145th  Street,  and  continued  on  that  grade  as 
an  additional  center  track.  The  new  track  layout  also  included  a 
single-track  ramp  running  from  the  upper  deck  at  138th  Street  to  the 
lower  deck  at  141st  Street,  connecting  at  each  end  with  both  main 
tracks.  At  143d  Street  provision  was  made  for  turn-outs  of  both  the 
new  upper-deck  tracks  to  connect  with  a  new  extension  between  this 
line  and  the  existing  elevated  portion  of  the  subway  at  Brook  and 
Westchester  Avenues.  New  overhead  island  platforms  were  added  to 
the  stations  at  133d,  138th,  and  143d  Streets,  and  the  existing  island 
platforms  on  the  lower  deck  were  entirely  rebuilt.  Prior  to  the  erec- 
tion of  the  new  structure,  the  existing  south-bound  track  was  moved 
away  from  the  north-bound  track  to  make  room  for  the  new  structure, 
as  will  be  described  later. 

Fig.  63  shows  a  cross-section  of  the  structure  at  the  133d  Street 
Station.  The  new  upper-deck  structure,  as  well  as  the  widened  lower- 
deck  platform,  was  carried  on  new  column  bents,  about  40  ft.  from 
center  to  center.  The  lower-deck  platforms  were  supported  on  two 
deep  stringers  carried  by  seats  on  the  columns,  as  well  as  by  a  center 
stringer  framed  into  and  supported  by  cross-frames  between  the 
columns  and  between  the  centers  of  the  deep  stringers,  so  that  the 
span  of  this  center  stringer  was  only  about  20  ft.  The  upper-deck 
structure  had  both  platforms  and  tracks  supported  on  columns  spliced 
to  the  lower-deck  columns,  and  also  by  intermediate  columns,  supported 
on  top  of  the  deep  platform  stringer,  making  the  spans  of  the  upper- 
deck  track  structure  only  about  20  ft.,  which  was  desired  in  order 
to  make  the  construction  height  and  the  distance  between  the  two 
platform  levels  as  small  as  possible.  Fig.  64  shows  the  details  of  the 
lower-deck  bent.  The  columns  were  of  the  standard  cross-section, 
15  in.  square,  and  braced  transversely.     The  channels  of  the  column 
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shafts  were  turned  with  their  webs  parallel  to  the  bent,  and  the  columns, 
therefore,  were  stiff  enough  to  resist  longitudinal  stresses  without  addi- 
tional bracing.  The  column  bases  were  riveted  to  the  columns,  and 
designed  to  resist  the  bending  stresses;  they  were  fastened  to  the 
foundations  by  four  anchor-bolts. 

The  construction  at  the  138th  Street  Station  is  similar  to  that  at 
the  133d  Street  Station.  Between  these  stations,  the  new  structure 
consisted  of  two  sets  of  track  stringers  supported  on  column  bents 
which,  in  every  third  span,  were  braced  longitudinally  to  form  a  tower 
to  resist  the  longitudinal  forces;  the  bents  between  the  towers  were 
designed  for  vertical  and  transverse  loads  only. 

Fig.  65  shows  the  new  structure  at  the  crossing  of  135th  Street. 
The  supporting  columns  were  centered  under  the  tracks,  and  were 
braced  both  horizontally  and  transversely  from  the  top  to  a  point 
about  14  ft.  above  the  street  level.  The  cross-girder  was  supported 
on  the  top  of  the  column,  and  its  center  portion,  which  did  not  carry 
any  load,  but  acted  as  transverse  bracing,  was  designed  with  a  lattice 
web ;  the  end  portions,  which  carried  the  load,  had  solid  webs. 

North  of  138th  Street,  the  center  ramp,  leading  from  the  upper 
to  the  lower  deck,  commenced.  Fig.  66  shows  the  supporting  cross-bent 
near  the  top  of  the  ramp.  The  details  of  the  bent  are  similar  to  those 
shown  by  Fig.  65,  except  that  the  cross-girder  is  a  plate  girder  through- 
out. The  outside  track  stringers  are  carried  on  the  top  of  the  cross- 
girder,  and  the  center-track  stringers  by  seats  attached  to  the  web  of 
the  cross-girder.  Fig.  67  shows  the  cross-bent  at  an  intermediate  point 
of  the  ramp.  On  account  of  the  necessary  clearance  for  cars  on  the 
center  track,  the  column  tops  could  not  be  braced  transversely.  The 
column  section,  therefore,  was  strengthened  by  increasing  it  in  width 
and  making  the  flanges  of  four  angles  and  a  cover-plate.  The  web- 
plate  stopped  about  4  ft.  6  in.  from  the  top  of  the  column,  and,  in  its 
place,  was  inserted  a  twin  bracket  the  web  of  which  supported  the 
track  stringers.  When  the  center  track  was  sufficiently  low,  the 
column  tops  were  braced  transversely  by  an  arched  plate  girder. 
Between  the  133d  and  138th  Street  Stations  some  of  the  column  bents 
were  also  braced  longitudinally  to  form  towers. 

The  same  construction  was  used  between  144th  and  145th  Streets, 
where  the  new  structure  carried  only  a  single  track.  From  145th 
Street  to  the  end  of  the  section  at  147th  Street,  the  new  work  consisted 
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simply  of  adding  center-track  stringers  to  the  existing  structure,  and 
replacing  the  old  cast-iron  column  bases  with  new  cast-steel  bases. 

Details  of  Design. — Section  N^o.  6-C. — Through  the  greater  por- 
tion of  this  section,  which  extended,  on  Third  Avenue,  from  147th 
Street  to  Fordham  Road,  the  existing  columns  were  replaced.  These 
columns  were  only  12  in.  square,  and  consisted  of  two  12-in.  channels 
latticed  together.  The  new  columns  were  built  up  of  two  15-in.  chan- 
nels, four  angles,  and  a  web-plate,  but  were  only  made  12  in.  wide, 
as  the  franchise  rights  of  the  line  did  not  permit  wider  columns.  The 
existing  colunnis  were  bolted  to  shallow  cast-iron  bases,  which  were 
fastened  to  the  granite  caps  of  the  foundations,  the  latter  being  18 
in.  thick.  The  only  weak  member  for  the  added  loading  was  the 
column.  The  foundations  were  retained,  and  the  new  column  bases, 
where  replaced,  were  generally  similar  to  the  existing  ones.  The  new 
cast  bases,  however,  were  enlarged,  and  made  of  steel  instead  of  iron. 
Bolt  holes  were  provided  to  match  the  existing  anchor-bolts,  and,  in 
addition,  four  other  bolt  holes  were  provided,  to  be  used  in  case  the 
existing  anchor-bolts  were  broken  or  damaged.  At  the  top  of  the 
column  a  fixed  connection  to  the  cross-girder  was  made  in  the  usual 
manner  by  splicing  the  column  to  the  stiffeners  of  the  cross-girder. 

The  existing  station  at  149th  Street  had  a  center  platform  and  a 
side  platform  on  its  east  side.  The  new  station,  which  was  recon- 
structed for  express  service,  has  two  center  platforms  and  a  mezza- 
nine at  the  north  end  of  the  platforms.  Fig.  68  shows  a  cross-section 
of  the  station  as  remodeled.  The  old  cross-girders,  which  were  plate 
girders,  were  retained,  but  the  flanges  were  reinforced  with  cover- 
plates,  and  cantilever  extensions  were  added  at  both  ends,  on  account 
of  the  additional  width  of  the  structure.  The  new  extensions  were 
spliced  to  the  old  girders,  and  seats  were  provided  for  all  new  track 
stringers.  New  stiffeners  were  added  over  the  columns  to  support 
the  additional  loading.  On  account  of  the  method  of  erection  used, 
the  old  track  stringers  were  retained  in  place  alid  used  for  the  support 
of  the  new  platforms.  The  new  platform  structure  is  shown  by  Fig. 
75.  The  platform  beams  were  made  of  two  channels  each,  and  were 
supported  on  frames  of  light  angles  and  stiffened  against  overturning 
by  angle  braces  to  the  supporting  stringers. 

The  stations  at  Tremont  Avenue  and  Fordham  Road  were  also 
reconstructed    for    express    service   with    two    island   platforms.      The 
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general  details  of  the  steelwork  were  similar  to  those  of   the   149th 
Street  Station. 

The  existing  stations  at  156th,  161st,  166th,  169th  Streets,  Clare- 
mont  Parkway,  174th,  and  183d  Streets,  had  center  platforms.  All 
these  stations  were  reconstructed  with  side  platforms,  so  as  to  make 
room  for  the  express  track.  Fig.  69  shows  a  typical  cross-section  of 
the  remodeled  structure,  and  Fig.  76  shows  the  details  of  the  exten- 
sions added  to  the  existing  cross-girders  in  order  to  provide  supports 
for  the  side  platforms.  The  station  building  was  generally  placed 
on  a  mezzanine,  and  was  connected  with  the  platforms  by  stairs  at 
the  outside  edge  of  the  platforms.  As  it  was  desired  to  support  the 
added  structure   without  the   use   of   additional   columns,   the   exten- 
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CANOPY  COLUMN  AND   PLATFORM,  THIRD  AVENUE  LINE 
Fig.  75. 

sions  to  the  cross-girders  were  made  long  enough  for  this  purpose, 
producing  cantilevers  of  the  cross-girders  about  22  ft.  long. 

Details  of  Design. — Section  No.  7. — The  work  under  Section  No.  7 
included  the  reconstruction  of  the  stations  of  the  Ninth  Avenue  Line 
at  66th,  116th,  125th,  and  145th  Streets  for  express  service. 

The  existing  structure  at  66th  Street  was  similar  to  that  in  Third 
Avenue,  and  carried  three  tracks;  the  structure  at  145th  Street  was 
similar  to  that  of  Second  Avenue,  and  carried  also  three  tracks  before 
the  reconstruction.  At  both  these  stations  the  structure  was  low,  and, 
therefore,  the  express  stations  were  made  of  the  "hump"  type.  On 
account  of  the  added  loading,  the  lower-deck  cross-girders  and  columns 
were   replaced   with   new  material  throughout   the  length  of  the  new 
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platforms  at  66tli  Street;  but  at  l-iStli  Street,  where  the  cross-girders 
were  twin  girders  and  the  columns  Phcenix  sections,  the  existing  struc- 
ture was  sufficiently  strong  to  carry  the  added  loading.  The  general 
details  of  these  two  stations  are  the  same  as  those  described  for  the 
"hump"  stations  on  the  Second  and  Third  Avenue  Lines,  and  will 
not  be  repeated  here. 

At  the  116th  Street  Station  the  existing  tracks  were  nearly  50  ft. 
above  the  street  surface.  The  track  stringers  were  lattice  girders  with 
7-in.  lips,  resting  on  top  of  cross-trusses,  supported  on  colimans  placed 


ORIGINAL  STRUCTURE 

ON   EIGHTH  AVE. 

AT  116TH  STREET. 

Fig.   77. 

on  the  sidewalks,  as  shown  by  Fig.  77.  The  columns  were  six-section 
Phcenix  columns,  and  the  trusses  were  built  of  flat  tension  members 
and  Phoenix  column  compression  members,  except  the  top  chord,  which 
was  a  box  section,  built  of  channels  and  plates.  The  station  at  116th 
Street  had  two  island  platforms  lying  end  to  end  between  the  two 
existing   tracks,    separated   only   by   the   space   needed    for    a    station 
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building  at  the  end  of  each  platform  and  a  flight  of  stairs  leading 
from  each  station  building  to  a  common  passageway  immediately 
below  the  track  structure  and  leading  to  an  elevator  building  at  the 
corner  of  Eighth  Avenue  and  116th  Street.  South  of  the  south  plat- 
form and  north  of  the  north  platform,  the  structure  carried  three  tracks. 

The  reconstruction  work  consisted  of  moving  the  south  platform 
to  the  west  and  the  north  platform  to  the  east,  so  as  to  make  room  to 
carry  the  center  track  through  and  past  the  platforms,  as  shown  by 
Fig.  74,  which  change,  of  course,  necessitated  also  the  shifting  of  the 
local  tracks. 

The  added  loading  made  it  advisable  to  stiffen  the  column  shafts, 
so  as  to  reduce  their  bending  stresses.  The  cross-truss,  which  rested 
with  the  top  chord  on  the  top  of  the  columns,  was  about  20  ft.  deep, 
and  its  bottom  chord  tied  the  columns  together  about  30  ft.  above  the 
street  level.  Longitudinally,  the  columns  were  braced  in  pairs  by  two 
struts,  one  near  the  top  and  one  at  the  level  of  the  bottom  of  the  cross- 
truss,  and  two  diagonal  tie-rods.  To  this  was  added  some  additional 
bracing,  both  transversely  and  longitudinally,  as  shown  by  Fig.  70, 
extending  down  to  within  about  14  ft.  of  the  street  level.  The  longi- 
tudinal struts  were  made  fish-bellied,  to  conform  to  the  existing  ones, 
and  the  transverse  struts  were  made  straight.  Both  were  fastened  to 
the  columns  by  a  single  sleeve  with  collars  around  each  column.  The 
sleeve  was  fastened  to  the  column  by  four  bent  plates  riveted  to  the 
column  flanges  between  the  existing  flange  rivets,  for  the  heads  of 
which  slots  were  made  in  the  bent  plates.  Web-plates  and  flange 
angles  were  riveted  to  the  outstanding  legs  of  the  bent  plates,  and 
the  horizontal  legs  of  the  flange  angles  were  riveted  together  with 
plates,  to  which  again  were  riveted  small  shaped  plates  fitting  around 
the  column  shafts,  so  as  to  form  a  collar  to  prevent  tension  in  the 
column  rivets.  The  stiffening  trusses  were  riveted  to  these  sleeves 
and  collars.  Longitudinally,  the  strut  was  supplemented  with  a  cross 
of  round  bars,  which,  at  the  bottom,  went  through  a  special  steel 
casting,  riveted  to  the  strut,  and,  at  the  top,  was  fastened  through  a 
yoke,  riveted  to  the  old  strut.  The  cross-strut  was  supplemented  with 
a  diagonal  bracing  of  angles  which,  at  the  top,  were  connected  to  the 
column  flanges  by  bent  plates. 

By  shifting  the  track  stringers  sidewise,  so  as  to  make  room  for  the 
center  track,  the  stresses  in  the  top  chord  would  be  increased,  and. 
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therefore,  it  was  decided  to  reinforce  it.  As  it  was  not  desired  to 
do  the  reinforcing  in  such  a  manner  that  shoring  should  be  needed 
during  the  work,  the  method  shown  by  Fig.  70  was  adopted.  The  por- 
tion to  be  reinforced  was  that  between  the  column  and  the  first  vertical 
post.  A  lattice  box-girder  of  the  same  width  as  the  top  chord  was 
suspended  from  it  by  two  yokes,  one  at  each  end.  Plates  were  then 
driven  in  between  the  reinforcing  girder  and  the  top  chord,  and 
secured  with  rivets. 

In  addition  to  the  reinforcing  of  the  columns  as  described,  it 
was  originally  contemplated  to  reinforce  the  connection  of  the  columns 
to  the  foundations,  but,  as  this  was  found  to  be  unnecessary,  it  was 
not  carried  out. 

A  new  mezzanine  station  was  constructed  under  the  structure  at 
the  level  of  the  existing  footbridge  leading  to  the  elevator  building. 
This  new  station  was  carried  by  two  new  twin  girders,  connected  to 
the  columns  of  adjacent  bents  in  a  manner  similar  to  that  previously 
described  for  connecting  the  transverse  and  longitudinal  struts. 

The  existing  structure  at  the  125th  Street  Station  was  similar 
to  that  on  the  Second  Avenue  Line,  and  is  shown  in  cross-section  by 
Fig.  78.  The  same  arrangement  of  platforms  existed  here  as  at  the 
116th  Street  Station,  and  the  new  arrangement  was  similar  to  that 
described  for  that  station,  except  that  the  station  buildings  were 
retained.  As  the  existing  cross-girders  were  not  long  enough  to 
carry  the  full  width  of  the  new  structure,  short  extensions  were  added 
to  them  at  each  end,  with  seats  to  carry  the  outside  stringers  supporting 
the  local  tracks  in  their  new  position. 

Fig.  79  shows  the  details  of  the  cross-girder  extensions  and  the  new 
track  stringers.  Two  vertical  plates  were  riveted  to  the  flange  angles 
of  the  twin  girder,  and  extended  beyond  it  the  full  width  of  the  new 
seats.  Two  vertical  diaphragms  stiffened  these  plates,  one  at  the  cross- 
girder  end  and  the  other  at  the  center  of  the  seats.  Angles  were  riveted 
to  the  top  and  the  bottom  of  the  vertical  plates,  and  were  connected 
to  the  top  and  bottom  flanges  of  the  cross-girder  by  horizontal  splice- 
plates.  Eegular  seats  were  provided  on  the  vertical  plates  for  the  new 
track  stringers.  The  track  stringers  were  lattice  girders,  in  order 
to  conform  to  the  existing  stringers. 

South  of  the  125th  Street  Station,  where  St.  Nicholas  Avenue 
crosses  the  elevated   structure,   were  two   spans,   one   of  about   99   ft. 
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and  the  other  about  80  ft.  long,  which  required  reinforcing,  in  order 
to  carry  the  load  of  the  three  tracks.  The  existing  cross-bents  were 
built  up  of  Phoenix  sections  and  tension  bars,  except  the  top  flanges, 
which  were  shallow  box-girders.  The  track  structure  in  each  span 
was  carried  by  two  trusses,  which  supported  the  track  floor,  consisting 
of  cross-beams  and  secondary  track  stringers. 

Fig.  80  shows  the  details  of  the  reinforcement  of  the  cross-trusses, 
which  consisted  mainly  in  relieving  the  bending  stresses  in  the  pins. 
The  outside  bars  on  each  pin,  which  formed  the  center  diagonals  of 
the  truss,  were  removed  and  replaced  with  plates  to  which  new  diag- 
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REINFORCEMENT  OF  STRUCTURE  III 

AT  ST.NICHOLAS  AVE.    NINTH  AVE.  LINE 
Fig.   so. 

onals  were  fastened.  To  these  plates  were  also  riveted  yokes  directly 
under  the  pin  which  supported  the  existing  truss  members  and  thereby 
decreased  the  bending  stresses  on  the  pin. 

The  stresses  in  the  longitudinal  trusses  were  relieved  by  adding  a 
center  truss  in  both  spans  to  carry  the  load  of  the  center  track.  The 
details  of  one  of  these  trusses,  which  had  an  expansion  joint  at  one 
end,  is  shown  by  Fig.  81.  The  truss  members  were  all  made  of  latticed 
box  sections,  except  the  top  chord,  which  had  a  top  cover-plate.  The 
top  chord  was  placed  at  such  a  level  that  it  supported  the  cross-floor 
beams.  This  brought  the  top  flange  below  the  box-girder,  forming 
the  top  chord  of  the  supporting  cross-truss  at  the  fixed  end,  and  the 
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connection  to  the  cross-truss,  therefore,  was  made  at  this  end  by  a 
riveted  yoke  carried  on  the  top  of  the  cross-truss.  At  the  expansion 
end  the  top  chord  of  the  longitudinal  truss  came  above  the  cross-truss, 
and  the  support  was  made  by  an  expansion  rocker.  In  order  to 
strengthen  the  top  chord  of  the  cross-truss  at  this  point,  a  twin  girder, 
as  shown  by  Fig.  80,  carried  on  brackets,  was  placed  under  the  top 
chord  and  supported  it  by  I-beams  placed  between  the  girder  and  the 
top  chord.  The  brackets  carrying  the  twin  girders  were  riveted  to  the 
vertical  posts  of  the  cross-truss. 

Steel  Desigui — Section  No.  8- A. — The  Ninth  Avenue  Line  from 
south  of  the  Cortlandt  Street  Station  to  near  12th  Street  was  included 
in  Section  8-A.  The  work  embraced  the  addition  of  a  center  track 
throughout  the  section,  and  the  reconstruction  of  the  stations  at 
Cortlandt,  Warren,  Desbrosses,  and  Christopher  Streets. 

The  existing  structure  at  the  stations  was  so  low  that  it  was  not 
possible  to  place  mezzanines  under  it,  but,  on  the  other  hand,  it  was 
wide  enough  to  accommodate  both  the  additional  track  and  an  express 
platform.  The  new  platforms,  therefore,  were  designed  as  island  plat- 
forms and  placed  between  the  up-town  local  track  and  the  new  express 
track.  Access  to  these  platforms  was  obtained  by  an  overhead  bridge 
at  each  station,  connecting  to  the  express  platforms  as  well  as  both 
local  platforms. 

The  existing  structure  was  carried  on  two  rows  of  fan-top  columns 
on  the  sidewalk,  each  row  carrying  a  single  track.  At  only  a  few 
places  the  columns  were  connected  with  cross-girders.  In  order  to 
place  the  center-track  stringers,  it  was  necessary,  therefore,  to  place 
cross-girders,  where  none  existed  previous  to  the  reconstruction  work, 
remodel  several  of  the  existing  ones,  and  reinforce  the  column  tops 
in  a  manner  similar  to  that  described  under  Section  3.  In  addition, 
the  colimins  supporting  the  structure  at  the  reconstructed  stations 
were  replaced  with  new  ones  to  carry  the  added  loading. 

Fig.  82  shows  details  of  the  new  cross-girders.  These  were  made  in 
three  pieces,  spliced  together.  When  the  bents  were  skew,  the  cross- 
girders  were  curved  at  the  ends  to  fit  in  between  the  existing  track 
girders. 

Details  of  Design. — Sections  Nos.  8-B  and  8-C. — Section  No.  8-B 
comprised  the  reconstruction  of  the  structure  in  Ninth  Avenue  to  pro- 
vide express  stations  of  the  "hump  type"  at  14th  and  34th  Streets;  and 
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Section  No.  8-C  comprised  the  reconstruction  required  to  eliminate  the 
express  track  grade  crossing  at  53d  Street,  where  the  Sixth  Avenue 
Line  makes  a  junction  with  the  local  tracks  of  the  Ninth  Avenue 
Line.  The  details  of  the  construction  were  similar  to  those  described 
for  other  hump  stations.  The  express  track  at  53d  Street  was  carried 
high  enough  to  obtain  the  proper  head-room  for  crossing  the  track  of 
the  Sixth  Avenue  Line.  The  span  length  at  the  point  of  crossing 
had  to  be  increased  to  99  ft.,  and  the  structure  across  this  span  was 
designed  as  a  through  bridge  construction. 

Details  of  Design. — Section  No.  10-B. — The  work  on  Section  No. 
10-B  involved  primarily  the  reconstruction  of  the  station  on  the  Ninth 
Avenue  Line  at  155th  Street  and  Eighth  Avenue  to  provide  additional 
platform  space  for  the  express  track  and  for  the  connection  to  the  new 
elevated  structure  in  Jerome  Avenue.  Fig.  83  shows  the  general  ar- 
rangement of  the  station  and  its  approaches  when  completed.  The 
north-bound  local  track  was  divided  into  two  tracks  at  152d  Street, 
and  one  of  these  was  carried  west  of  the  express  track.  In  order  to 
avoid  a  grade  crossing,  the  express  track  was  carried  above  the  grade 
of  the  local  tracks.  Between  152d  and  155th  Streets,  where  the  rebuilt 
structure  carried  four  tracks,  the  cross-girders  had  to  be  lengthened. 
The  existing  structure  was  similar  to  that  described  for  the  station  at 
125th  Street,  of  the  Ninth  Avenue  Line,  imder  Section  No.  7,  and  the 
details  of  the  cross-girder  extensions  were  the  same.  The  details  of 
the  new  overhead  structure  carrying  the  center  track  were  also  similar 
to  those  described  under  other  sections,  except  the  portion  at  152d 
Street,  where  the  local  track  crosses  under  the  express  track  structure. 
Fig.  71  shows  the  details  of  this  portion  of  the  new  structure.  As  it 
was  necessary  to  carry  the  upper-grade  track  as  low  as  possible,  on 
account  of  the  short  length  of  the  northerly  approach,  the  track  strin- 
gers of  that  track  at  the  crossing  were  made  very  shallow.  This  was 
accomplished  by  cantilevering  the  stringers  of  the  adjacent  spans 
and  supporting  shallow  track  stringers  on  the  cantilevers.  The  floor 
system  of  the  upper-deck  structure  at  the  crossing  consisted  of  floor- 
beams,  framed  into  the  cantilever  girders,  and  of  secondary  track 
stringers  carrying  the  track. 

North  of  155th  Street  the  structure  was  widened  by  cross-girder  ex- 
tensions and  new  sidewalk  columns,  in  order  to  carry  the  additional 
westerly  tracks.     Fig.  84  shows  the  details  of  these  cross-girder  exten- 
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sions.  The  existing  cross-girders  were  twin  girders;  the  extensions 
were  made  single-plate  girders,  set  on  top  of  the  old  cross-girders.  The 
track  stringers  for  the  track  nearest  the  old  cross-girders  were  new, 
and  were  supported  on  seats.  The  outside  track  stringers  were  old,  and 
of  the  7-in.  lip  type.  The  lips  of  these  girders  were  supported  on  top 
of  wide  seats  provided  for  them  on  the  cross-girder  extensions. 
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DETAILS  OF  CROSS-GIRDER  EXTENSION 
Pig.  84. 

Foundations. 

The  foundation  work  involved  not  only  the  construction  of  founda- 
tions for  new  columns  at  points  where  no  columns  existed  prior  to  the 
reconstruction,  but  also  the  rebuilding  of  the  existing  foundations 
where  investigation  indicated  that  these  were  not  sufficient  to  carry 
the  added  loading.  Altogether,  638  new  column  foundations  were  con- 
structed, 444  of  which  were  at  new  and  194  at  existing  locations.  The 
placing  of  the  foundations  at  new  locations  very  frequently  necessitated 
changes  of  gas  and  water  pipes,  duct  lines,  sewers,  and  other  sub- 
surface structures,  because  the  locations  of  the  columns  were  deter- 
mined by  other  factors  and  practically  without  considering  the  sub- 
surface structures,  even  if  their  positions  were  known  in  advance.  The 
new  column  locations  were  determined  in  relation  to  the  street  traffic. 
Longitudinally,  they  had  to  be  kept  uniformly  in  line  whenever  pos- 
sible and,  in  accordance  with  the  Public  Service  Commission's  certifi- 
cate, they  had  to  be  at  least  7  ft.  from  the  center  of  a  street-car  track 
and  14  ft.  from  the  curb,  if  they  were  in  the  street.  At  street  cross- 
ings, they  were  placed  so  as  not  to  interfere  with  the  footwalk  cross- 
ings; if  on  the  sidewalk,  their  position  was  determined  a  definite  dis- 
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tance  from  the  curb.  This  distance  was  generally  8  in.  from  the  edge 
of  the  curb  to  the  face  of  the  column,  in  order  to  be  able  to  carry  the 
curb  stone  through  past  the  column,  and  also  to  prevent  interference 
between  the  face  of  the  column  and  the  hub  of  a  truck  driving  close  to 
the  curb. 

If  sub-surface  structures  were  encountered,  an  investigation  was 
always  made  first  to  determine  whether  the  obstructions  could  be 
avoided  by  changing  the  shape  of  the  foundation,  and,  where  possible, 
the  change  was  made.  In  some  cases,  when  the  location  of  the  obstruc- 
tion was  known  definitely  prior  to  the  fabrication  of  the  columns,  the 
interference  could  be  avoided  by  lengthening  the  column  shaft,  and 
thereby  bringing  the  base  and  the  foundation  below  the  obstruction. 

At  times  small  sewer  pipes  and  house  drains  were  run  through  and 
embedded  in  the  concrete  foundation;  in  such  cases,  cast-iron  pipe  was 
substituted  for  vitrified  pipe;  generally,  however,  pipes  were  offset 
around  the  foundation  if  the  interference  was  local.  When  the  same 
sub-surface  structure  interfered  with  several  foundations,  it  was  relaid 
in  a  new  position,  in  order  to  avoid  a  large  number  of  offsets. 

The  foundations  were  built  of  concrete,  and  were  usually  rect- 
angular in  plan.  The  top  was  slightly  larger  than  the  base  of  the 
column  resting  on  the  foundation.  The  sides  tapered  downward  to 
the  top  of  a  rectangular  footing  which  had  vertical  sides  varying 
from  1  to  2  ft.  in  depth,  and  a  horizontal  offset  all  around,  varying 
from  6  to  12  in.  This  shape  was  decided  on,  as  it  requires  the  least 
excavation  and  can  be  cast  in  one  operation,  without  changing  forms. 
The  bottom  area  of  the  foundation  depended  on  the  load  on  it  and 
the  carrying  capacity  of  the  soil,  but  was  generally  not  less  than  7 
ft.  square.  Usually,  the  size  was  9  or  10  ft.  square.  The  standard 
depth  of  the  foundations  was  14  ft.  below  the  street  surface;  this  depth 
generally  assured  the  foundation  against  undermining  due  to  excava- 
tions for  future  cellars  or  sub-surface  structures. 

Where  the  old  foimdations  supporting  the  elevated  structure  were 
rebuilt,  the  superstructure  was  carried  by  shoring  during  their 
removal  and  the  construction  of  the  new  ones.  As  the  shoring 
had  to  support  the  structure  in  the  immediate  vicinity  of  the 
column,  while  it  was  desired  to  transfer  the  pressure  at  the  street  level 
to  points  sufficiently  far  away  from  the  foundation  excavation  to  avoid 
the  necessity  of  excessive  timbering  and  the  danger  of  settlement  of 
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the  shoring  due  to  a  cave-in,  the  load  was  transferred  by  the  shoring 
to  girders  supported  at  the  ends  by  blocking,  laid  on  the  street  surface. 
The  girders  were  long  enough  to  insure  that  the  load  on  them  would 
not  produce  excessive  horizontal  pressures  on  the  sheathing  holding  the 
sides  of  the  excavation.  In  most  cases  the  shoring  girders  were  either 
24-in.,  120-lb.,  Bethlehem  beams,  or  48-in.  plate  girders  from  40  to  45 
ft.  long.  The  24-in.  beams  were  preferred,  when  strong  enough  to 
carry  the  load,  as  they  were  more  easily  handled.  The  blocking  at  the 
ends  consisted  usually  of  old  ties  laid  side  by  side  and  wedged  up 
slightly  above  the  street  surface,  which  was  not  disturbed.  After  the 
blocking  and  the  girders  were  set  in  place  and  leveled  up,  the  space 
between  the  blocking  and  the  street  surface  was  filled  with  a  lean  liquid 
mortar  of  cement  and  sand.  It  was  found  that  this  mortar  when  set 
produced  an  excellent  bearing,  and  could  easily  be  removed  from  the 
street  surface,  when  the  work  was  completed.  No  settlement  of  the 
street  surface  was  ever  observed  due  to  the  pressure  of  the  shoring. 

When  conditions  permitted,  the  shoring  consisted  simply  of  the 
shoring  girders  and  brackets  riveted  to  the  columns  and  supported  by 
the  girders.  This  method  was  used  when  the  structure  had  sufficient 
transverse  stiffness,  but  only  if  the  columns  were  to  be  renewed,  as  it 
was  not  desired  to  drill  the  holes  necessary  for  the  connection  of  the 
brackets  in  the  webs  or  flanges  of  permanent  columns.  The  column 
load  was  taken  off  the  old  foundations  and  transferred  to  the  shoring 
girders  by  driving  wedges  between  the  brackets  and  the  girders.  When 
these  wedges  were  being  driven,  the  first  effect  was  to  deflect  the 
girders,  without  raising  the  column;  as  the  driving  continued,  the 
column,  which  had  previously  been  made  free  to  move  vertically,  by 
loosening  the  nuts  of  the  anchor-bolts,  would  be  lifted  clear  of  the 
foundation.  The  driving  of  the  wedges  would  be  continued  imtil  the 
column  was  raised  about  i  in.  above  the  foundation.  !N^o  work  of  re- 
moval of  the  foundation  would  be  commenced  until  the  column  had 
remained  wedged  up  for  about  24  hours,  in  order  to  test  the  shoring 
under  traffic.  The  wedging  operation  was  carried  on  between  trains, 
in  order  to  aAoid  the  additional  live  load  due  to  the  trains  passing 
over  the  columns. 

In  most  cases  the  structure  of  the  single-column  type  was  shored 
by  placing  four-post  towers,  made  up  of  12  by  12-in.  yellow  pine  tim- 
bers  on   top   of  the   shoring  girders,   one  tower   at  each   side   of  the 
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column.  The  structure  was  raised  off  the  old  foundation  by  wedging 
between  the  top  of  the  towers  and  the  bottom  of  the  track  stringers, 
the  column  which  was  connected  to  the  track  stringers  being  raised 
with  the  stringers.  Special  types  of  shoring  used  under  extraordinary 
conditions  will  be  described  later. 

The  sides  of  the  excavations  were  supported  by  2-in.  close  sheathing, 
held  in  place  by  rangers,  which  were  generally  made  of  old  6  by  8-in. 
track  timber,  scarfed  at  the  ends.  The  sheathing  was  driven  down  as 
the  excavation  proceeded. 

At  first  the  old  foundations  to  be  replaced  were  removed  by  hand. 
This  method,  however,  was  slow  and  expensive,  and,  as  soon  as  air 
supply  could  be  had,  pneumatic  hand  drills  were  used  instead. 

Usually,  the  sheathing  was  driven  only  to  the  top  of  the  footing  of 
the  new  foundations,  and  the  concrete  for  this  portion  was  placed  with- 
out forms.  Large  stones  were  placed  so  as  to  project  above  the  tops 
of  the  footings  and  form  a  bond  with  the  remainder  of  the  foundation. 
The  forms  for  the  tapered  portion  of  the  foundation  were  set  on  top 
of  the  concrete  footing  after  the  concrete  had  set.  They  were  made  in 
sections  which  could  be  bolted  together  and  withdrawn  without  being 
destroyed;  this  allowed  the  use  of  the  same  forms  for  a  large  number 
of  fovmdations.  The  framing  consisted  of  2  by  4-in.  and  4  by  4-in. 
rough  spruce,  with  planking  of  2-in.  boards,  dressed  on  the  edges  and 
on  the  inside  of  the  form. 

The  concrete  used  for  the  foundations  was  mixed  in  the  proportion 
of  1  part  of  Portland  cement,  2^  parts  of  sand,  and  5  parts  of  stone 
graded  to  a  maximum  size  of  2  in.  On  account  of  the  long  distance 
between  the  different  points  where  the  foundations  were  placed,  and 
the  comparatively  small  quantity  of  concrete  required  at  each  point, 
the  mixing  was  usually  done  by  hand.  The  mixture  was  made  rather 
wet,  and  was  shoveled  directly  from  the  mixing  board  into  the  form. 
A  laborer  was  generally  stationed  inside  the  form  to  distribute  the  con- 
crete and  work  it  well  up  against  the  sides. 

The  greater  part  of  the  foundation  work  occurred  on  Sections  Nos. 
1,  2-A.  2-B.  5-A,  5-B,  5-D,  and  6-A,  and  only  this  work  will  be  de- 
scribed herein. 

Foundations. — Section  No.  1. — Altogether,  64  foundations  were  con- 
structed in  this  section,  of  which  52  replaced  existing  ones,  and  12 
were  in  new  locations.     In  several  places,  where  shoring  was  needed, 
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the  gas  mains  were  found  to  be  so  close  to  the  street  surface  that  pro- 
vision had  to  be  made  against  danger  to  the  shoring  from  possible  ex- 
plosions and  fire  due  to  leaks  in  the  mains,  which  danger  often  was 
aggravated  by  the  necessity  of  placing  the  support  of  the  shoring  di- 
rectly over  the  gas  mains.  This  danger  was  provided  against  by  drill- 
ing and  plugging  holes  in  the  mains  about  250  ft.  apart.  If  a  leak 
occurred,  the  flow  of  gas  was  stopped  by  bagging  the  adjacent  holes 
until  repairs  were  made,  and  if  the  leak  was  directly  under  the  shoring, 
where  no  repairs  could  be  made  during  the  time  the  shoring  carried 
the  load,  the  pipe  was  by-passed  around  the  shoring,  and  the  inter- 
rupted house  service  connections  were  connected  temporarily  to  the 
by-pass. 


2-15  &  33  lb.  X  6  0 


SRORING  BRACKET  NO.  2 


SHORING  BRACKETS  NOS.  3,  4,  5  AND  6 


Fig.   85. 

In  practically  all  cases  the  load  of  the  structure  was  transferred  to 
the  shoring  girders  by  brackets  riveted  to  the  column  shaft,  as  sho-wn 
by  Fig.  85.  When  the  load  was  less  than  200  000  lb.,  the  bracket  con- 
sisted of  two  15-in.  channels  connected  to  the  webs  of  the  column 
channels  by  four  angles.  These  15-in.  channels  extended  far  enough 
on  both  sides  of  the  column  to  bear  on  the  supporting  shoring  girders. 
When  the  load  was  greater,  the  brackets  consisted  of  inverted  seats 
riveted  to  the  webs  of  the  column  shaft  and  supported  on  two  18-in.  or 
20-in.  I-beams,  which,  again,  were  supported  on  I-beams  laid  cross- 
wise so  as  to  get  a  bearing  on  the  shoring  girders.  Fig.  87  shows  the 
structure  in  the  New  Bowery  supported  on  brackets  of  the  first  type. 
Here  the  shoring  girders  of  some  of  the  bents  were  carried  several  feet 
above  the  sidewalk  level,  in  order  not  to  interfere  with  the  surface 
structures,  such  as  fire  hydrants  and  coal  holes. 


Fig.   S6. — New  North  Span  of  Harlem  Ra'er  Bridge. 


Fig.  87. — Shoring  for   Foundations.     New   Bowery. 
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A  special  method  of  shoring  was  used  for  a  column  at  Chatham 
Square.  This  column  was  so  close  to  a  surface-car  track,  that  there 
was  not  sufficient  room  to  place  a  shoring  girder  on  the  side  of  the 
column  adjacent  to  the  car  track. 

The  shoring,  as  shown  by  Fig.  88,  was  accomplished  by  placing  on 
the  street  surface  two  plate  girders,  4  ft.  deep,   on  the  side  of  the 


SHORING 

AT 

CHATHAM  SQUARE 


Fig.  88. 
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column  away  from  the  street-car  tracks.  The  girders  were  placed  ap- 
proximately parallel  to  the  car  tracks,  one  close  to  the  column  and  the 
other  about  5  ft.  from  the  first.  By  using  timber  bents,  the  load  of 
two  of  the  cross-girders  carried  by  the  column  was  brought  to  bear  on 
tlie  top  of  the  second  shoring  girder.  The  remainder  of  the  load  on 
the  column  was  carried  by  two  short  cantilever  girders  placed  on  top 
of,  and  at  right  angles  to,  the  shoring  girders  and  riveted  to  the 
column.  The  shoring  girder  adjacent  to  the  column  acted  as  a  fulcrum 
for  these  cantilever  girders,  and  the  uplift  at  the  outer  end  of  the 
cantilevers  was  taken  care  of  by  fastening  them  with  yokes  to  the 
outer  shoring  girder.  All  connections  of  the  short  cantilever  girders 
were  made  to  the  webs  of  the  column  channels,  as  it  was  not  con- 
sidered safe  to  remove  the  lattice  bars  connecting  the  channels,  in 
order  to  rivet  the  cantilevers  to  the  flanges  of  these  channels,  because 
the  column  was  taking  its  full  load  while  the  cantilever  girders  were 
being  riveted.  A  considerable  portion  of  the  load  on  the  column  was 
taken  directly  into  the  shoring  girder  adjacent  to  the  column,  due  to 
the  fact  that  two  of  the  angles  connecting  the  column  to  the  cantilever 
girders  were  placed  directly  over  the  shoring  girder. 

As  the  new  foundations  were  completed  in  advance  of  the  delivery 
of  the  new  steelwork,  the  old  columns  were  supported  temporarily  on 
the  new  foundations.  The  bases  of  the  old  columns,  however,  were 
generally  at  a  higher  elevation  than  those  of  the  new  columns.  The 
concrete  foundations  were  finished  at  their  proper  level,  but  on  top  of 
the  concrete  was  built  a  brick  extension,  high  enough  to  support  the  old 
columns.  Brick  was  used  for  this  work,  in  order  to  facilitate  its  re- 
moval when  the  old  columns  were  replaced  with  the  new  structure. 

In  general,  all  new  column  bases  were  designed  to  fit  over  the  old 
anchor-bolts,  or,  where  new  anchor-bolts  were  used,  the  latter  were 
dropped  through  the  holes  in  the  cast-iron  bases  of  the  old  columns 
which  took  the  old  anchor-bolts,  and  were  then  built  into  the  new  con- 
crete foundations. 

In  certain  cases,  however,  the  details  of  the  new  structure  necessi- 
tated different  locations  for  the  anchor-bolts  that  secured  the  existing 
column  and  the  new  column  to  the  new  foundation.  In  such  cases,  two 
sets  of  anchor-bolts  were  provided,  and  the  temporary  ones  were  cut 
off  flush  with  the  top  of  the  permanent  foundation  when  the  new  column 
was  erected.     The  anchor-bolt?  for  the  new  columns,  however,  could 
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not  extend  during  the  temporary  period  above  the  bottom  of  the  old 
base.  Fig.  89  shows  such  a  ease.  As  the  new  column  was  skewed  in 
relation  to  the  existing  column,  two  sets  of  anchor-bolts  were  pro- 
vided. The  anchor-bolts  for  the  new  structure  had  sleeve  nuts,  set 
flush  with  the  top  of  the  permanent  foundations.  When  the  old  steel- 
work was  removed,  extensions  of  the  anchor-bolts  were  screwed  into 
the  sleeve  nuts,  and  the  necessary  length  of  the  bolts  was  obtained  in 
this  manner. 


SKEW 
FOUNDATION 


Fig.  89. 
Foundations. — Section  No.  2- A. — In  the  Bowery,  for  the  portion 
of  the  Third  Avenue  lane  included  under  Section  No.  2- A,  66  new 
foundations  were  placed.  Of  these,  32  were  in  the  roadway,  17  on 
the  sidewalk  clear  of  the  existing  foundations,  and  17  replaced  existing 
foundations. 
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The  Bowery  is  an  old  established  main  thoroughfare,  and  contains 
a  vast  number  of  sub-surface  structures,  the  location  of  which  it  was 
desired  to  determine  in  advance,  so  that  they  could  be  removed  where 
they  interfered  with  the  construction  of  the  foundations.  Trenches 
were  excavated  across  the  street,  therefore,  first  on  one  side,  between 
curb  and  car  track,  and  then  on  the  other  side,  so  as  to  maintain  the 
street  traffic.  These  trenches  were  made  on  line  with  the  location  of 
each  new  foundation,  and  were  about  2  ft.  wide  and  about  5  ft.  deep, 
which  is  generally  as  deep  as  any  sub-surface  structures,  except  sewers, 
will  be  found.  All  the  sub-surface  structures  encountered  were  sur- 
veyed and  plotted,  and  the  necessary  relocations  determined.  Between 
Canal  and  Hester  Streets,  the  relocation  involved,  on  the  west  side  of 
the  street,  a  12-in.  gas  main,  a  16-in.  gas  main,  a  24-in.,  high-pressure 
(fire  service)  water  main,  and,  on  the  east  side,  a  16-in.  gas  main,  an 
8-in.  gas  main,  and  a  12-in.  water  main. 

After  the  sub-surface  structures  had  been  relocated,  which  was  done 
in  sections,  and  on  one  side  of  the  street  only  at  a  time,  the  new 
foundations  within  the  excavated  area  were  constructed,  and  the  whole 
excavation  was  refilled  and  repaved. 

At  the  points  where  the  foundations  were  replaced,  the  structure 
was  supported  by  shoring  girders.  At  some  of  these  points  the  usual 
method  of  shoring  could  not  be  used,  as  the  columns  were  near  street 
crossings  where  the  shoring  girders,  as  usually  arranged,  would  in- 
terfere with  the  traffic  on  the  street-railway  tracks.  Therefore,  the 
arrangement  shown  by  Fig.  90  was  used.  An  excavation,  10  by  8  ft., 
was  made  immediately  adjacent  to  the  foxmdation  to  be  reconstructed, 
and  carried  down  to  the  full  depth  of  the  new  fovmdation,  which  was 
about  8  ft.  below  the  existing  one,  and,  therefore,  necessitated 
careful  sheathing.  The  bottom  of  the  excavation  was  covered  with 
concrete  on  which  was  laid  a  solid  floor  of  12  by  12-in.  timbers.  On 
the  top  of  this  floor  was  set  a  four-post  timber  bent  with  two  of  the 
posts  vertical  and  the  other  two  on  a  batter.  The  posts  were  12  by  12-in. 
yellow  pine  timbers,  and  the  bent  was  19  ft.  high.  Near  the  column 
of  the  bent,  next  to  that  for  which  the  foundation  was  to  be  recon- 
structed, another  timber  bent  was  placed,  resting  on  the  street  and 
sidewalk  surface.  The  shoring  girders  were  placed  on  top  of  these  bents 
and  cantilevered  8^  ft.  over  the  bent  first  described,  so  as  to  reach  the 
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point  of  the  structure  to  be  supported.     The  uplift  was  taken  care  of 
by  blocking  the  shoring  girders  against  the  track  stringers. 

Foundations. — Section  No.  2-B. — In  this  section,  which  extended  on 
the  Bowery  from  Delancey  to  5th  Street,  practically  all  the  columns 
were  moved  from  the  curb  line  to  the  roadway.  The  greater  part  of 
the  work  consisted  of  changes  in  the  sub-surface  structures.  On  ac- 
count of  the  excessive  number  of  such  structures,  it  was  not  possible 
to  provide  room  for  all  of  them  outside  of  the  foundations,  and  one 
16-in.   gas   main,    therefore,    was    carried   through   the   center    of   the 
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foundations  at  both  sides  of  the  street.  These  gas  mains,  which  were 
of  cast-iron  pipe,  were  first  jacked  into  such  a  position  that  they 
would  be  centered  in  the  foundations  throughout  the  whole  length, 
and  those  portions  of  the  mains  which  would  be  within  the  foundations 
were  then  replaced  with  wrought-iron  pipe.  In  order  to  make  it  pos- 
sible to  withdraw  and  renew  the  pipe,  a  form  was  placed  aroimd  it 
prior  to  placing  the  concrete.  The  form  was  made  of  a  steel  plate, 
semicircular  at  the  top,  and  with  straight  sides.  The  bottom  of  the 
form  was  a  2-in.  plank.  The  steel  form  was  made  in  two  lengths, 
meeting  at  the  center  of  the  pier,  and  was  held  in  place  by  wooden 
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blocks,  1  in.  thick,  placed  on  top  of  the  pipe.  The  form  was  removed 
by  pusliing  these  blocks  beyond  the  form  and  allowing  it  to  drop.  The 
wrought-iron  pipes  were  placed  in  such  a  manner  that  no  joints  oc- 
curred inside  of  the  foundation,  and  the  minimum  height  of  the  con- 
crete above  the  pipe  was  1  ft.  The  column  bases  supported  by  the 
foundations  have  been  described  previously. 

Foundations. — Section  No.  5-A. — The  work  in  this  section  com- 
prised the  rebuilding  of  26  foundations  under  the  existing  structure 
and  the  placing  of  9  additional  foundations,  8  of  which  were  on  the 
sidewalk  and  supported  the  added  platform  structure  of  the  station 
at    125th    Street. 

At  the  time  the  work  was  done,  only  24-in.  Bethlehem  I-beams 
were  available  for  shoring  girders,  and  three  of  these  were  needed  to 
carry  the  load  of  one  coliimn.  One  24-in.  beam  was  placed  on  the  side 
of  the  column  adjacent  to  the  street-car  tracks,  which  were  in  the 
center  of  the  street  between  the  columns  supporting  the  structure. 
There  was  only  room  for  one  I-beam  on  this  side  of  the  column 
between  it  and  the  street-car  clearance,  otherwise  four  I-beams  would 
have  been  used,  in  order  to  avoid  eccentric  loading.  The  details  of 
the  shoring  are  shown  by  Fig.  91.  Brackets  riveted  to  the  column 
shaft,  and  consisting  of  two  15-in.  channels,  transferred  the  load  to 
the  shoring  girders.  The  deflection  of  the  24-in.  I-beams  was  suffi- 
ciently large  to  gauge  the  uniformity  of  the  stress  in  the  three  I-beams 
by  the  uniformity  of  their  deflection,  which  was  maintained  by  driv- 
ing the  wedges  the  proper  amount  on  top  of  each  I-beam.  In  order 
to  avoid  undue  stress  in  the  long  arms  of  the  brackets,  a  timber  bent 
tied  to  the  column  shaft  was  set  on  top  of  the  brackets  and  was  sup- 
ported by  the  under  side  of  the  existing  track  stringers,  and  wedges 
were  driven  between  the  top  of  the  bent  and  the  track  stringers. 

Foundations. — Section  No.  5-B. — On  this  section  no  column  foun- 
dations were  removed  and  replaced,  but  27  new  foimdations  were 
built,  of  which  24  were  built  on  the  sidewalk  to  support  the  new  125th 
Street  Station,  and  were  of  the  standard  type;  the  remaining  three 
were  of  a  special  type,  and  deserve  further  description.  These  three 
foundations  were  in  close  proximity  to  the  west  shore  line  of  the 
Harlem  Eiver,  at  the  point  where  the  bridge  carrying  the  Second  and 
Third  Avenue  Lines  crosses  the  river.     The  surface  of  the  ground  is 
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less  than  6  ft.  above  mean  high  water,  and  the  soil  is  very  soft  to  a 
depth  of  more  than  30  ft.  below  mean  high  water,  where  good  coarse 
sand  is  found.  The  south  shore  piers  of  the  Harlem  River  Bridge 
and  a  number  of  foundations  carrying  the  elevated  structure  are 
in  this  vicinity.  The  bridge  piers  are  carried  down  solidly  to  a  firm 
bearing;  the  structure  foundations  consist  of  masonry  piers  to  mean 
low  water,  supported  on  piles.  The  softness  of  the  soil  causes  it  to 
have  a  tendency  to  move  toward  the  river,  as  shown  by  the  existing 
foundations,  the  tops  of  which,  in  the  course  of  time,  have  shifted 
an  appreciable  distance,  making  it  necessary  to  disconnect  the  columns 
from  the  foundations  and  reset  them.  Although  the  existing  founda- 
tions might  have  been  sufficient  to  carry  the  additional  loading  of 
the  new  structure,  it  was  not  deemed  advisable  to  add  to  their  load- 
ing. The  new  structure,  therefore,  was  supported  on  new  and  inde- 
pendent foundations.  It  was  desired,  however,  to  construct  these  new 
foundations  in  such  a  manner  that  they  would  be  able  to  resist  the 
tendency  to  move  toward  the  river,  and  so  that,  at  the  same  time,  their 
construction  would  not  disturb  the  existing  structure  or  bridge  foun- 
dations. 

The  details  of  the  designs  and  the  location  of  these  three  founda- 
tions are  shown  on  Plate  XL  All  three  foundations  consisted  of 
concrete  carried  down  to  solid  ground  and  encased  in  a  steel  sheet- 
piling.  Two  of  them  were  circular.  The  third  was  intended  to  replace 
an  existing  foundation  without  removing  the  latter.  It  was  built, 
therefore,  around  the  existing  foundation,  but  on  account  of  various 
sub-surface  obstructions,  it  had  to  be  divided  into  two  parts.  The 
obstructions  consisted  of  a  48-in.  gas  main  curving  around  and  into 
a  steel-lined  shaft,  10  ft.  in  diameter,  from  which  it  was  carried  in  a 
tunnel  across  the  river,  an  old  cribwork  bulkliead,  a  pilework  bulkhead, 
and  six  submarine  cables,  supplying  electric  current  for  the  Borough 
of  The  Bronx. 

The  construction  of  these  foundations  was  done  in  the  following 
manner:  The  steel  piling  for  a  foundation  was  first  driven  to  the  full 
depth.  The  excavation  was  then  made,  without  attempting  to  remove 
the  water,  in  fact,  it  was  desired  to  retain  the  water  in  order  to 
lessen  the  pressure  on  the  piling  and  decrease  the  possibility  of 
material  flowing  from  the  outside  into  the  excavation.  Finally,  the 
concrete  was  placed,  through  the  water. 
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One  of  the  cylindrical  foundations  was  first  started.  On  account 
of  the  foundation  being  partly  under  the  existing  structure,  the 
sheet-piling  could  only  be  set  in  short  lengths,  and  three  lengths  were 
used  to  bring  it  to  the  full  depth.  A  pit  was  first  excavated  by  hand 
to  low-water  level  and  shored.  A  wooden  drum,  about  8  ft.  in  diam- 
eter, was  then  set  in  the  pit  as  a  guide  for  the  sheet-pile  driving,  and 
the  first  length  of  sheet-piling  was  set  up  and  interlocked  complete. 
Lackawanna  steel  sheet-piling,  12|  by  ^  in.,  was  used.  The  lengths 
of  the  pilings  were  10  ft.  and  14  ft.,  alternately,  so  as  to  form  a  splice 
4  ft.  long  for  the  next  section.  The  driving  was  done  with  a  2-ton 
steam  hammer.  Each  piece  of  piling  was  hammered  down  about  1  ft. 
at  a  time,  around  the  complete  circle,  a  follower,  consisting  of  a  4-ft. 
length  of  sheet-piling,  being  used  to  drive  the  10-ft.  sections.  The 
piling  drove  easily  in  the  soft  ground,  but  rip-rap  and  heavy  logs, 
probably  part  of  former  cribwork  construction,  retarded  the  progress 
of  the  work.  The  logs  lying  horizontally  formed  in  particular  very 
obstinate  obstructions,  as  they  acted  as  an  elastic  cushion  and  caused 
the  piling  to  bounce  back  after  each  blow  without  any  apparent  effect 
on  the  log.  Sometimes  it  was  necessary  to  pull  some  of  the  pile 
sections,  sharpen  the  edge  of  the  interlocking  part  of  the  pile,  and 
start  driving  again,  and  finally  the  log  would  give  way  rather  suddenly. 

The  excavation  was  done  with  a  clam-shell  bucket  worked  by  a 
derrick,  which  had  also  been  used  to  suspend  the  pile-driver  and  move 
it  from  place  to  place.  No  serious  difficulties  were  met  in  doing  this 
work.  The  concrete  was  placed  through  a  chute,  the  water  never 
being  removed  during  the  operations  of  excavation  and  concreting. 

The  second  circular  foundation  was  completed  in  a  similar  manner. 
The  third  foundation  was  started  by  surrounding  the  existing  pier 
completely  with  steel  sheet-piling,  in  order  to  tie  the  two  parts  of  the 
new  foundation  together.  The  remainder  of  the  piling  for  the  first 
length  was  then  set,  and  driving  commenced.  Before  driving  had 
started,  it  became  apparent  that  the  submarine  cables  previously  men- 
tioned might  possibly  have  shifted  from  their  original  position  and 
might  be  directly  under  the  sheet-piling  to  be  driven.  A  diver,  there- 
fore, was  employed  to  locate  the  cables  and  remove  them,  if  necessary. 
As  some  of  the  cables  had  been  placed  prior  to  the  shaft  sinking  for  the 
gas  main,  they  were  buried  from  8  to  10  ft.  below  earth  and  rip-rap. 
The  rip-rap  was  removed  by  the  diver,  who  placed  it  in  a  bucket  which 
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was  hoisted  from  the  top,  the  soft  soil  was  removed  by  a  water  jet,  and 
the  cables  were  replaced  so  as  not  to  interfere  with  the  driving  of  the 
sheeting. 

The  piling  was  driven  until  hard  bottom  was  encountered,  which 
was  34  ft.  below-  mean  high  water  on  the  land  side  and  44  ft.  on  the 
river  side.  This  difference  was  probably  due  to  the  disturbance  of 
the  soil  on  the  river  side  during  the  shaft  sinking  for  the  gas  main. 


PLAN 
DETAILS  OF  FOUNDATIONS  WITH   FOUNDATION-GIRDERS 

{Bents  3,  i,  5,  6,  T,  8-9,  10-13) 

Fig.  92. 


SECTION -I-J 


Foundations. — Section  No.  5-D. — The  portion  of  the  existing 
structure  which  was  within  the  limits  of  the  freight  yard  of  the  New 
York,  New  Haven  and  Hartford  Eailroad  Company  was  generally 
supported  on  four-column  bents  placed  between  and  parallel  to  the 
yard  tracks.  Each  column  was  carried  on  a  separate  concrete  founda- 
tion with  a  granite  cap,  and  supported  on  piles.  The  new  columns 
were  on  a  line  with  the  existing  bents  and  between  a  pair  of  existing 
columns,  but  generally  so  close  to  one  of  them  that  a  new  foundation 
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could  not  be  placed  without  interfering  with  the  existing  one.  In 
addition  to  this,  the  driving  of  piles  for  new  foundations  was  out 
of  the  question  on  account  of  the  interference  with  the  traffic  in  the 
railroad  yard  and  the  lack  of  head-room  under  the  existing  structure. 


PLAN 

DETAILS  OF  NEW  FOUNDATIONS 
NEAR  HARLEM  RIVER 
Fig.   93. 


The  method  used  for  supporting  the  new  columns,  therefore,  was  to 
bridge  the  space  between  the  existing  foundations  with  two  founda- 
tion girders  supported  by  the  existing  foundations,  and  to  connect 
the  column  to  these  girders.    Fig.  92  shows  the  details  of  these  founda- 
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tions.  Each  of  the  fomidatioii  girders,  which  were  3  ft.  deep,  con- 
sisted of  a  web-plate  and  a  single  top  and  bottom  flange  angle.  They 
were  spaced  generally  3  ft.  apart,  which  brought  them  outside  of  the 
cap-stone  of  the  existing  foundations.  The  concrete  of  the  existing 
foundations  was  trimmed  down,  so  as  to  make  room  and  provide  a  seat 
for  the  foundation  girders.  After  the  girders  had  been  set  in  place, 
the  spaces  between  the  concrete  pier  and  the  foundation  girders  were 
filled  with  grout.  Diaphragms  were  provided  at  the  ends  of  the  foun- 
dation girders  to  keep  them  in  place  and  at  the  location  of  the  columns 
to  carry  their  loads.  When  the  riveting  was  completed,  the  foundation 
girders  were  encased  completely  in  concrete  which  was  water-proofed 
all  around  with  four-ply  water-proofing  paper  and  pitch. 

The  details  of  the  foundations  for  the  new  columns  of  the  first  two 
bents  of  the  Harlem  Eiver  are  shown  by  Fig.  93.  As  neither  railroad 
tracks  nor  existing  structure  interfered  with  the  pile-driving  at  these 
locations,  additions  were  made  to  the  existing  foundations,  which  were 
supported  on  piles.  The  additions  were  made  to  correspond  to  the 
construction  of  the  existing  foundations  so  as  to  prevent,  as  far  as 
possible,  uneven  settlement. 

North  of  the  railroad  yard  tracks,  where  the  new  columns  came 
close  to  the  existing  foundations,  similar  additions  were  made  to  the 
latter,  with  the  exception,  however,  that  no  piles  were  used  to  support 
these  foundations. 

Altogether,  in  this  section,  14  new  columns  were  supported  on 
girders,  12  on  additions  to  existing  foundations,  and  21  on  independent 
foundations. 

Foundations. — Section  No.  6- A. — This  section  was  entirely  on  a 
private  right  of  way,  except  where  the  right  of  way  intersected  cross 
streets.  The  existing  structure  was  supported  directly  on  brick  piers 
throughout  the  private  right  of  way,  and  on  column  bents  set  inside 
the  curb  lines  at  the  cross  streets.  As  the  existing  south-bound  track 
was  moved  sidewise,  new  piers  had  to  be  constructed  to  support  this 
track,  in  addition  to  the  new  foundations  required  to  support  the  ad- 
ditional structure.  Altogether,  53  new  piers  and  205  new  foundations 
were  constructed  in  this  section. 

The  existing  bents  at  the  cross  streets  were  supported  on  four 
columns  set  on  the  sidewalk  parallel  to  the  curb.  The  new  supporting 
columns  of  the  bents  were  on  line  with  the  existing  columns,  but  gen- 
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erally  at  different  locations.  Plate  XII  shows  the  method  of  shor- 
ing used  in  rebuilding  the  foundations.  First,  four  shoring  girders, 
consisting  of  24-in.  Bethlehem,  I-beams,  or  two  plate  girders,  4  ft. 
deep,  were  placed  parallel  to  the  bent,  two  on  each  side  of  the  columns, 
and  approximately  centered  on  one  of  the  existing  tracks.  These  shor- 
ing girders  were  supported  on  timber  blocking  at  the  points  marked  A, 
B  and  D  (Sketch  No.  1).  The  cross-girder  carrying  the  existing  track 
was  then  supported  on  blocking  between  the  top  of  the  shoring  girders 
and  the  bottom  of  the  cross-girder,  and  the  load  was  transferred  to 
the  shoring  girders  by  driving  wedges  between  the  blocking  and  the 
cross-girder.  The  existing  foundation  under  the  outside  column  was 
then  removed,  and  the  new  one  (marked  1)  was  placed.  At  the 
same  time,  the  other  foundation  (marked  2),  which  did  not  interfere 
with  the  existing  structure,  was  constructed.  After  back-filling  around 
Foundation  1,  so  that  the  blocking  (marked  C),  under  the  shoring 
girders,  could  be  placed;  this  was  done  and  the  blocking  (marked  B) 
was  removed.  The  existing  foundation  for  the  inside  column  of  the 
supported  track  was  then  removed,  and  the  new  foundation  was  placed. 
As  the  existing  column  had  to  be  supported  until  the  new  steel  could 
be  erected,  the  new  foundation  was  made  wide  enough  to  carry  this 
column.  A  brick  support  was  built  between  the  top  of  the  permanent 
foundation  and  the  imder  side  of  the  existing  granite  cap-stone,  which 
was  attached  with  bolts  to  the  column  and  retained,  in  order  to  facili- 
tate the  removal  of  the  temporary  support.  When  this  work  was  com- 
pleted, the  shoring  girders  were  moved  so  as  to  center  on  the  other 
track,  and  were  supported  at  one  end  on  the  new  foundation  (marked 
2)  and  at  the  other  end  by  a  framed  timber  bent  set  on  the  base  of 
the  newly  constructed  foundation  (marked  3).  The  track  structure 
was  supported  by  blocking,  as  before.  The  foundations  under  the  two 
shored  columns  were  then  removed,  and  the  new  permanent  founda^ 
tions  were  placed.  This  new  foundation  was  made  wide  enough  to 
support  the  existing  columns  temporarily. 

At  138th  Street,  where  a  new  subway  was  being  built,  it  was 
desired  to  carry  the  foundation  down  to  solid  rock.  The  rock  surface 
at  this  point  was  very  irregular,  so  that,  though  two  of  the  foimdations 
were  carried  only  17  ft.  below  the  surface  of  the  street,  three  of  them 
had  to  be  carried  down  about  39  ft.,  which  brought  them  below  the 
subgrade  of  the  subway. 
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Fig.  94  is  typical  of  the  foundation  work  within  the  right  of  way. 
The  light  lines  represent  the  piers  supporting  the  existing  structure, 
and  the  heavy  lines  represent  the  new  work.  The  new  pier  was  built 
to  support  the  existing  south-bound  track,  which  was  moved  sidewise, 
and  the  foundations  supported  the  new  structure.  The  new  piers 
were  generally  carried  down  to  the  bottom  of  the  existing  piers, 
about  6  ft.  below  the  surface,  but,  in  addition  to  this,  before  the 
piers  were  built,  an  excavation  was  made  along  the  property  line 
under  each  piei-,  3  ft.  wide,  16  ft.  long,  and  about  12  ft.  deep  below 
the  curb  level  of  the  nearest  street,  and  filled  with  concrete,  in  order 
to  prevent  possible  undermining  of  the  piers,  if  the  adjoining  houses 
should  be  rebuilt. 

COLUMN  FOUNDATIONS 
BENTS  56  AND  117 


El.  Dottoui  of  Girder  Base 
oa  C.  L.  of  Pier  50,  t  .!8.00  | 
El.  Bottom  of  Girder  Bai 
on  C.L.  of  Pier  U7.+  34. 


El.  Bottom  of  Basi 
Beot  56.  *  '-'3.76 
El.  Bottom  of  Bast  Plate 
Cet!t  117,  ►27.H 


SECTION  A-A 


Fig.    94. 

The  foundation  and  the  piers  on  the  west  side  of  the  right  of 
way  were  completed  first,  starting  from  the  south  end  and  going  north. 
The  remaining  foundations  on  the  east  side  were  then  constructed, 
starting  at  the  center  of  a  block  and  working  in  both  directions 
in  order  to  facilitate  the  handling  of  the  materials  in  the  limited 
working  space. 

The  forms  for  the  piers  were  detachable,  and  each  side  was  in 
three   sections   and   secured   in   place   by   timber  yokes.      On   account 
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of  the  large  quantity  of  concrete  to  be  mixed,  a  concrete  mixer  was 
used  for  the  construction  of  the  piers.  The  mixer  was  mounted  on 
a  platform  which  also  carried  the  implements  for  hoisting  and  dumping 
the  concrete.  The  platform  was  moved  on  rollers,  using  a  drum  on 
the  hoist  for  motive  agent. 

Steel  Erection. 

The  greater  part  of  the  work  under  the  Manhattan  Elevated  Rail- 
way Improvements  was  in  public  streets,  often  congested  with  traffic. 
The  steelwork,  the  total  weight  of  which  was  about  50  000  tons, 
therefore,  could  not  be  stored  in  large  quantities,  or  for  any  length 
of  time,  at  the  points  where  it  was  required  for  erection.  The  greater 
part  of  the  steel  came  over  the  Pennsylvania  Railroad  and  the  Central 
Railroad  of  New  Jersey,  and  was  unloaded  and  stored  in  the  rail- 
road terminal  yards  in  New  Jersey,  at  Greenville  and  Communipaw, 
respectively.  The  receiving  points  for  the  steel  in  JSTew  York  were 
the  Company's  Yard  at  128th  Street  and  the  Harlem  River,  the  dock 
front  of  which  was  increased  by  leasing  adjacent  property,  and  a  dock 
front  at  Perry  Street  and  the  North  River  was  leased  for  the  purpose. 
All  the  steelwork  for  the  up-town  sections  was  delivered  at  the 
128th  Street  dock,  and  that  required  for  the  down-town  sections 
at  the  Perry  Street  dock.  As  the  material  was  needed,  it  was  lightered 
from  the  railroad  yards  to  the  Company's  docks,  where  it  was  stored 
temporarily  until  it  could  be  trucked  away.  The  trucks  were  loaded 
at  each  dock  with  a  derrick  erected  for  the  purpose.  The  material 
was  trucked  to  the  site  of  the  work  and  deposited  in  the  street  until 
it  could  be  erected,  which  generally  meant  that  it  remained  in  the 
street  only  for  a  day  or  two.  In  this  manner,  the  congestion  of  the 
streets  due  to  storage  of  material  was  reduced  to  a  minimum. 

Steel  Erection. — Section  No.  1. — Fig.  95  is  a  bird's-eye  view  of  the 
greater  portion  of  Section  No.  1  after  completion.  The  view  was 
taken  from  Chatham  Square,  and  shows  the  City  Hall  Branch  in  Park 
Row  to  the  right  and  the  South  Ferry  Branch  in  the  New  Bowery 
to  the  left.  Fig.  96  shows  the  general  layout  of  the  old  tracks  at 
Chatham  Square.  The  first  work  done  was  the  erection  of  the  steel 
for  the  west  platform  of  the  new  City  Hall  Branch  Station  at  the 
west  side  of  Chatham  Square.  The  steelwork  for  this  platform  and 
the   adjacent   tracks    is   shovm    on   Fig.    96.      When   the   station   was 
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completed,  and  the  new  west  track  was  connected  to  the  existing 
south-bound  track,  the  south-bound  service  was  diverted  from  the 
existing  station  just  north  of  Chatham  Square  to  this  new  station 
and  track.  The  old  south-bound  track  was  then  removed,  so  that 
connection  could  be  made  to  the  new  north-bound  track  east  of  the 
new  platform.  When  this  work  was  completed,  the  old  station  was 
abandoned  and  the  structure  carrying  the  disused  portion  of  the 
tracks  was  dismantled,  making  room  for  the  construction  of  the 
new  two-track  structure,  connecting  to  the  new  upper  deck  of  the 
City  Hall  Station. 

The  erection  of  the  new  structure  in  the  'New  Bowery  was  started 
at  the  south  end,  where  the  ramp  commenced  at  the  grade  of  the 
present  structure.  The  erection  of  this  structure  involved  only  minor 
changes  in  the  existing  tracks.  The  new  structure  in  Park  Row  was 
erected  with  a  traveler,  starting  at  Chatham  Square  and  going  through 
on  the  upper  deck  to  City  Hall  Station.  When  the  new  structure 
had  risen  sufficiently  above  the  lower  deck,  it  was  carried  immediately 
above  the  existing  tracks.  Before  the  traveler  erected  the  upper-deck 
girders,  the  new  columns  were  erected,  and  the  lower-deck  cross-girders 
were  either  reinforced  or  replaced.  Fig.  97  shows  the  shoring  of  the 
structure  used  to  carry  out  this  work.  Two  four-post  bents  were 
placed  at  each  side  of  the  structure  and  supported  two  shoring  girders 
which  carried  the  track  stringers  and  the  track  while  the  old  columns 
and  cross-girders  were  being  removed  and  the  new  ones  placed.  The 
erection  of  the  new  work  was  done  with  gin-poles,  and,  in  order  to 
facilitate  their  erection,  the  new  lower-deck  cross-girders  were  shipped 
bolted  and,  in  the  beginning,  raised  member  by  member  and  riveted  in 
place.  As  the  work  progressed,  it  was  found  that  they  could  be 
raised  complete  without  serious  interference  with  the  traffic  in  the 
street,  and,  therefore,  they  were  riveted  together  completely  before 
erection  with  the  exception  of  the  top  flange,  which  had  to  be  erected 
separately,  as  it  extended  above  the  top  of  the  track  stringers,  the 
ends  of  which  were  so  close  together  that  the  flange  of  the  cross-girder 
could  not  pass  through  the  intervening  space. 

Steel  Erection. — Section  No.  2-A. — Whenever  the  erection  of  the 
new  structure  necessitated  interference  with  the  train  service,  the 
method  of  procedure  was  carefully  worked  out  in  advance,  so  as  to 
insure  at  all  times  during  the  progress  of  the  work  safe  and  continuous 


Fig.  95. — Chatham  Square,  Looking  South. 


FlQ.  96. — Chatham  Square  at  the  Beginning  of  Reconstruction. 


Fig.   97. — Shoring  in  Park  Row. 
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Fig.  98. — New  aj^d  Oi.d  Structures  in  the  Bowery. 
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operation  of  trains  and  station  facilities.  Plate  XIII  shows  the 
method  of  procedure  worked  out  in  advance  of,  strictly  followed  in 
the  erection  of,  the  new  steel  structure  in  Section  No.  2-A.  The  plan 
marked  "Original  Condition"  shows  the  platforms  and  tracks  which 
existed  prior  to  the  reconstruction  work.  It  shows  the  old  Chatham 
Square  Station,  with  the  pocket  tracks,  the  Canal  Street  Station,  with 
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Fig.   99. 


the  outside  platforms,  and  the  Grand  Street  Station,  with  two  inside 
platforms,  to  which  access  was  obtained  by  stairs  under  the  tracks. 
The  new  steelwork  through  the  old  Grand  Street  Station  could  not 
be  placed  until  the  new  station  had  been  erected,  as  the  existing  plat- 
forms and  station  building,  which  covered  the  entire  space  between 
the  tracks,  had  to  be  maintained.  The  steel  erection,  therefore,  was 
commenced  north  and  south  of  the  old  Grand  Street  Station. 
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South  of  Grand  Street  Station,  the  two  bents,  numbered  191  and 
192,  were  first  erected  with  a  derrick  set  up  in  the  street.  As  the  new 
permanent  columns  on  the  west  side  of  the  street  were  to  be  on  the 
sidewnlk  under  the  existing  structure,  and,  therefore,  with  the  cross- 
girders  supported  by  them,  would  interfere  with  the  existing  track 
structure,  the  new  cross-girders  were  designed  so  that  those  portions 
which  did  not  interfere  witli  the  existing  track  structure  could  be 
erected  first.  Temporary  steel  coluanns  were  provided  to  support  the 
west   ends   of   these   girders,    as    shown   by   Fig.    99.      The   temporary 
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Fig.  100. 
columns  rested  on  a  grillage  of  four  I-beams,  set  directly  on  top  of  the 
street  pavement,  in  tiie  direction  of  the  traffic,  and  completely  encased 
in  concrete.  When  the  two  bents,  191  and  192,  were  erected,  including 
the  track  stringers,  the  derrick  which  had  been  used  to  place  this 
work  was  re-erected  on  top  of  the  track  stringers,  and,  when  this 
Avork  was  completed,  it  was  used  to  erect  all  the  structure 
south  of  this  point.  At  and  south  of  Canal  Street  there  were  several 
bents  which  were  to  be  supported  permanently  on  sidewalk  columns. 
As  the  new  structure  was  several  feet  above  the  present  one,  parts 
only  of  the  cross-girders  were  erected,  and  temporary  columns  in  the 
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roadway  were  provided  to  support  these  cross-girders.  At  one  point 
— the  south  side  of  Canal  Street — -.the  street-railway  tracks  which 
curved  around  from  the  Bowery  to  Canal  Street,  did  not  permit  the 
placing  of  a  temporary  column  in  the  street.  The  cross-girder,  there- 
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Fig.  101. 
fore,  was  provided  with  a  temporary  shallow  end  which  was  supported 
on  the  permanent  column  on  the  sidewalk,  as  shown  by  Fig.  100.     To 
support  the  existing  track  stringers,  a  temporary  bracket  was  riveted 
to  the  new  cohnnn  shaft,  as  shown.     From  Bent  173  south,  the  new 


664: 


MANHATTAN   ELEVATED   RAILWAY   IMPROVEMENTS 


columns  were  all  on  the  sidewalk,  and  replaced  the  existing  columns. 
The  new  lower-track  level  approached  the  level  of  the  existing  tracks, 
and  the  cross-girders,  therefore,  were  designed  to  be  placed  below  and 
without  interfering  with  those  tracks.  The  track  stringers  were  shored 
while  this  work  was  being  done,  as  shown  by  Fig.  101.  First,  an 
excavation  was  made  to  an  elevation  slightly  below  the  bottom  of  the 
base  of  the  new  column.  This  excavation  was  lined  solidly  with 
6  by  8-in.  timbers  to  make  it  safe  to  support  the  shoring  directly  on 
the  edge,  which  was  desired  in  order  to  support  the  track  stringers 
as  near  as  possible  to  the  connection  to  the  column.  The  inside  of  the 
lined  excavation  was  approximately  4J  by  5  ft.,  which  permitted  sioifi- 
eient  working  space  to  remove  the  old  column,  to  cut  down  the  existing 
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Fig.  102. 
foundation  to  match  the  new  columns,  which  were  generally  set  deeper 
than  the  existing  ones,  and  to  set  the  new  columns.  The  shoring 
consisted  of  two  four-post  framed  bents  set  on  short  blocks  directly 
on  top  of  the  street  and  sidewalk  pavement.  Blocking  was  placed 
between  the  top  of  the  shoring  bents  and  the  track  stringers,  which 
were  reinforced  with  vertical  wooden  web  members,  in  order  to 
transmit  the  web  stresses  directly  to  the  shoring.  The  load  was 
transferred  from  the  existing  column  to  the  shoring  by  driving 
wedges  between  the  bottom  of  the  shoring  bents  and  the  blocking 
in  the  street.  Special  shoring  had  to  be  provided  at  certain  places 
where  street-car  tracks  interfered  with  the  usual  method.  Fig.  102 
shows   the   method   of   shoring   at   Bent    171,    where    a    street-railway 
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track  curves  into  the  Bowery.  On  one  side  of  the  column  a  standard 
shoring  bent  was  used;  on  the  other  side  two  shoring  bents  were  placed 
so  as  to  clear  the  car  track,  and  the  structure  was  carried  by  two  24-in. 
I-beams,  resting  on  the  shoring  bents.  The  clearance  below  these 
I-beams  was  sufficient  for  the  street  cars  to  pass,  but  not  sufficient  for 
ordinary  street  traffic. 

Another  derrick  was  started  north  of  the  Grand  Street  Station. 
This  derrick  was  erected  on  a  platform,  furnished  by  first  erecting 
Bents  201  and  202,  including  the  stringers  between  these  bents.  This 
derrick  moved  north,  erecting  the  steel  until  stopped  by  an  injunction, 
some  property  owners  objecting  to  having  the  columns  placed  on  the 
sidewalk,  although  the  certificate  under  which  the  work  was  done 
did  not  permit  their  being  placed  in  the  street.  The  injunction  was 
eventually  removed,  but,  in  the  meantime,  the  derrick  was  taken  down 
and  moved  to  the  north  end  of  Section  No.  2-B,  at  Fourth  Street, 
and  the  steel  erection  was  completed  by  this  derrick  moving  south 
to  the  point  where  the  erection  had  been  stopped. 

From  Bent  201  to  the  north  end  of  the  section,  the  columns  of  the 
new  bents  were  all  placed  on  the  sidewalks.  The  columns  of  the 
old  structure,  which  were  generally  not  connected  with  cross-girders, 
were  originally  placed  without  attempting  to  square  up  their  location 
across  the  street.  If  the  old  column  locations  had  been  retained  in 
the  new  structure,  all  the  cross-girders  would  have  been  skewed  con- 
siderably in  relation  to  the  track  stringers.  The  old  column  locations 
therefore,  were  retained  only  on  one  side  of  the  street,  and,  on 
the  other  side,  the  new  columns  were  placed  directly  opposite,  without 
reference  to  the  existing  locations.  The  new  cross-girders  were  deep 
in  the  center  portion,  but  the  ends  were  made  shallow  enough  to  be 
erected  without  the  top  flange  interfering  with  the  existing  operating 
tracks.  Where  the  old  columns  had  to  be  removed,  in  order  to  place 
the  new  columns  and  cross-girders,  the  track  structures  were  shored 
in  a  manner  similar  to  that  described  for  the  bents  from  Bent  173 
south.  On  the  other  side  of  the  street,  the  new  cross-girders  inter- 
sected the  existing  track  stringers,  which,  therefore,  had  to  be  cut 
prior  to  the  erection  of  the  cross-girders.  It  will  be  remembered  that 
the  new  foundations  for  the  columns  supporting  these  new  cross- 
girders,  had  been  constructed  in  advance  of  this  work.  These  founda- 
tions were  uncovered  sufficiently  to  set  the  new  columns,  and  the  pit 
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was  lined  with  (i  by  8-in.  timbers,  as  described.  The  new  column  was 
then  set  in  place,  and  a  four-post  framed  shoring  bent  was  built  around 
it,  as  shown  by  Fig.  103,  supported  on  blocking  laid  on  the  street 
surface.  The  shoring  bent  was  made  to  carry  the  load  of  the  stringers 
by  driving  wedges  between  the  top  of  the  blocking  and  the  bottom  of 
the  shoring  bent.  The  work  to  be  done  consisted  of  cutting  the  near- 
side track  stringers  to  make  room  for  the  new  cross-girders.  The 
far-side  track  stringer  was  not  aifected,  as  the  cross-girder  did  not 
extend  far  enough  to  interfere  with  it.     After  the  shoring  bent  was 
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in  place  and  wedged  up,  the  track  stringer  was  cut  and  the  new 
cross-girder  was  set  in  place  on  top  of  the  new  column.  The  stringer 
ends  were  then  supported  on  a  temporary  seat  on  the  new  column, 
and  the  shoring   was  released. 

Before  the  new  structure  could  be  put  in  service,  the  portion  of 
the  structure  occupied  by  the  existing  Grand  Street  Station  had  to 
be  placed.  This  could  not  be  done  until  the  new  Grand  Street  Station 
had  been  sufficiently  conpleted  and  provided  with  temporary  plat- 
forms to  serve  the  existing  tracks.  This  was  accomplished  by  the 
traveler  placing  the  new  outside  track  stringers   (which  could  not  be 
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put  ill  tlioir  permanent  position,  as  they  would  then  interfere  with 
the  running-  tracks)  in  a  temporary  position  adjacent  to  the  running 
tracks.  As  the  new  track  level  was  purposely  placed  at  the  correct 
elevation  above  the  existing  track  level,  the  new  track  stringers  in 
their  temporary  positions  were  just  suitable  for  supporting  the  tem- 
porary platforms.  The  new  mezzanine  station  building  of  the  Grand 
Street  Station  at  the  Broome  Street  end  was  sufficiently  completed  to 
be  put  in  service,  and  was  connected  to  the  temporary  platforms.  The 
old  Grand  Street  Station  was  then  abandoned  and  demolished,  and 
the  new  steel  structure  was  completed  throughout  the  section  suffi- 
ciently to  lay  the  center  track.  The  new  west  island  platforms  of 
the  station  at  Grand  Street  and  Canal  Street  were  then  completed. 
At  the  Canal  Street  Station  it  was  originally  intended  to  gain  access 
to  the  new  platforms  by  a  temporary  bridge  from  the  old  platform 
after  the  south-bound  track  had  been  abandoned.  It  was  found, 
however,  that  it  would  be  possible  to  place  a  temporary  stairway 
at  the  east  side  of  the  roadway  close  to  the  curb  at  the  north  side 
of  Canal  Street.  This  stairway,  therefore,  was  placed  connecting  to 
the  new  mezzanine  station  at  Canal  Street,  which  was  sufficiently 
completed  to  be  placed  in  service.  The  scheme  was  to  use  tem- 
])orarily  the  new  center  track  for  south-bound  service,  so  that  the 
existing  south-bound  track  could  be  abandoned  and  the  new  structure 
on  the  west  side  completed.  The  new  permanent  connection,  therefore, 
was  made  between  the  new  center  track  and  the  local  south-bound 
track  to  City  Hall  at  Chatham  Square  just  south  of  Section  No.  2- A, 
and  a  temporary  cross-over  was  provided  between  the  center  track  and 
the  new  south-bound  local  track  to  South  Ferry,  just  south  of  the 
Canal  Street  Station.  This  local  track  to  South  Ferry  rises  above  the 
grade  of  the  existing  tracks  and  continues  on  the  upper-grade 
structure,  which  had  been  constructed  as  part  of  Section  No.  1 
through  the  New  Bowery  and  had  been  completed  ready  for  opera- 
tion at  this  time.  At  the  same  time  the  new  center  track  had  been 
completed  through  Section  No.  2-B  to  Fourth  Street,  and  the  local 
traffic  was  temporarily  carried  on  the  newly  constructed  tracks  from 
Fourth  Street  to  Chatham  Square.  This  left  the  existing  structures 
on  the  west  side  of  the  Bowery  free  to  be  removed,  which  was  done, 
and  the  new  structure  was  completed  on  this  side  of  the  street.  This 
work   included   the  erection   of   the   sidewalk   columns   and   the   com- 
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pletion  of  the  cross-girders,  the  erection  of  which  had  been  inter- 
fered with  by  the  existing  structure,  and  also  the  removal  of  the 
temporary  columns  on  the  west  side  of  the  roadway.  When  this  work 
had  been  completed  and  the  new  south-bound  track  had  been  laid,  the 
temporary  cross-over  south  of  Canal  Street  was  removed,  and  the 
permanent  connection  was  made  to  the  new  south-bound  track  to 
South  Ferry.  The  south-bound  traffic  was  then  diverted  from  the 
center  track  to  the  new  permanent  south-bound  track  and  the  north- 
bound traffic  between  Chatham  Square  and  Fourth  Street  to  the 
center  track,  which  involved  the  completion  of  the  permanent  track 
connections  at  Chatham  Square  and  the  placing  of  a  temporary  cross- 
over south  of  Canal  Street  to  connect  the  new  upper-deck  track 
from  South  Ferry  with  the  center  track.  The  work  remaining  to  be 
done  to  complete  the  structure  on  the  east  side  of  the  Bowery  was 
then  completed,  the  temporary  cross-over  south  of  Canal  Street  was 
removed,  and  the  local  north-bound  service  was  transferred  to  its 
permanent  track. 

Steel  Erection. — Section  No.  2-B. — In  Section  No.  2-B,  which 
extended,  on  the  Bowery,  from  the  north  end  of  Section  No.  2-A, 
near  Delancey  Street,  to  Fifth  Street,  the  new  structure  was  placed 
in  the  middle  of  the  roadway;  the  existing  structure  was  on  the  side- 
walk. There  was,  therefore,  practically  no  interference  with  the  exist- 
ing tracks  during  the  steel  erection,  except  near  Fifth  Street,  where 
a  connection  was  made  to  the  existing  structure,  which,  at  this  point, 
is  in  the  roadway.  Following  a  similar  procedure  to  that  described 
under  Section  No.  2-A,  two  bents  and  their  track  stringers  were 
erected  near  Fourth  Street  with  a  derrick  set  up  in  the  street.  The 
derrick  was  then  erected  on  this  platform  and  moved  south,  erecting 
the  steel  structure  as  it  proceeded. 

Later,  another  derrick  was  set  up  on  the  same  platform  to  erect  the 
steel  north  of  this  point.  The  new  track  level  was  several  inches 
higher  than  the  existing  level,  and,  as  it  became  necessary  to  make 
temporary  connections  with  the  running  tracks,  these  were  raised  to 
make  the  connections  on  a  proper  grade.  The  raising  was  done  by 
placing  four-post  shoring  bents  under  the  track  stringers,  and  jacking 
and  wedging  the  track  stringers  to  the  proper  level  after  the  column 
had  been  disconnected. 
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Fig.  98  shows  the  erection  in  progress  in  the  vicinity  of  the  Houston 
Street  Station. 

Steel  Erection. — Section  No.  3.- — The  first  work  of  steel  erection 
on  this  section  was  the  reinforcement  of  the  column  tops,  as  described 
under  the  heading,  "Steel  Design."  The  reinforcement  of  existing 
lattice  cross-girders  between  33d  and  35th  Streets  was  commenced 
soon  thereafter.  It  consisted  of  replacing  the  existing  lattice  members 
with  web-plates.  While  this  work  was  being  done,  the  track  stringers 
were  carried  on  shorings,  as  shown  by  Fig.  104.  On  each  side  of  the 
columns  supporting  a  cross-girder  was  placed  a  four-post  shoring  bent 
with  the  posts  tapering.  The  shoring  bents  rested  on  blocking  laid 
on  the  surface  of  the  street;  this  blocking  was  leveled  up  with  wedges, 
and  a  lean,  liquid  mixture  of  sand  and  cement  was  poured  to  fill  the 
space  between  it  and  the  street  surface.  On  top  of  each  pair  of  shoring 
bents  was  placed  two  24-in.  I-beams  crosswise  under  the  structure. 
The  track  stringers  were  supported  by  blocking  on  these  I-beams, 
and  the  load  was  transferred  to  the  shoring  by  wedging  under  the  track 
stringers.  The  reinforcing  web-plates,  which  were  generally  about 
14  ft.  long,  were  raised  to  their  proper  level  between  the  building  line 
and  the  structure,  and  were  then  gradually  worked  in  between  the 
ends  of  the  track  stringers.  At  the  34th  Street  Station,  where  the 
station  structure  interfered  with  the  placing  of  the  plates  in  this 
manner,  they  were  erected  in  shorter  pieces  between  the  tracks. 

After  this  work  was  completed,  the  cross-girders  between  12th  and 
16th  Streets  were  reinforced.  At  this  location  the  existing  cross-girders 
were  made  with  two  end  pieces  and  a  center  piece.  The  existing  end 
pieces  were  removed  and  replaced  with  new  ones,  and  the  center  piece 
was  reinforced  with  a  new  web-plate.  In  addition  to  this  the  center- 
track  stringers  were  remodeled  to  change  the  existing  connections  to  the 
cross-girders  to  seat  the  connections.  While  this  work  was  going  on, 
a  traveler  was  erected  just  north  of  35th  Street  to  place  the  new  track 
stringers  and  cross-girders  north  of  this  point.  In  order  to  place 
the  new  cross-girders  the  existing  track  stringers  were  disconnected 
and  carried  on  shoring  until  the  erection  of  the  new  steelwork  was 
completed.  Two  bents  were  shored  at  the  same  time,  and  the  shoring 
was  moved  forward  as  soon  as  the  work  permitted  its  release.  The 
work  of  erecting  the  steelwork  for  the  hump  stations  at  9th,  23d,  42d, 
and  106th  Streets  was  done  by  travelers  starting  at  one  end  of  the 
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approach  and  moving  forward,  erecting  all  steelwork,  except  some 
for  the  express  platform,  which  generally  was  erected  with  a  jinny  wink 
operating  behind  the  traveler.  Fig.  125  shows  the  erection  of  the 
steelwork  for  the  express  station  and  track  at  the  9th  Street  Station 
as  well  as  the  derrick  and  the  jinny  wink  in  operation. 

Steel  Erection. — Section  No.  If- A. — The  steel  erection  for  this  sec- 
tion, which  comprised  the  Second  Avenue  Line  from  Chatham  Square 
to  116th  Street,  involved  mainly  the  placing  of  new  track  stringers 
for  the  center  track,  which  work  was  done  with  traveling  derricks 
moving  forward  on  the  stringers  set  by  the  traveler.  At  the  S6th 
Street  Station,  it  was  originally  intended  to  have  no  express  station, 
but  after  the  center  track  stringers  had  been  designed  and  fabricated 
to  be  placed  on  the  level  of  the  existing  tracks,  the  Public  Service  Com- 
mission ordered  an  express  station  to  be  built  at  this  point.  This  station 
is  of  the  hump  type.  Another  hump  station  was  constructed  at  14th 
Street,  and  a  mezzanine  station  was  built  at  42d  Street.  The  existing 
structure  at  this  point  was  not  sufficiently  high  to  provide  head-room 
under  it  for  a  mezzanine  station.  The  track  structure,  therefore,  was 
first  raised  to  the  necessary  height,  which  amounted  to  a  maximum 
of  15  in.  The  raising  of  the  structure  was  accomplished  by  placing 
blocks  between  the  top  of  the  cross-girders  and  the  under  side  of  the 
lips  of  the  track  stringers.  The  reconstruction  of  the  station  was 
commenced  on  the  west  side  of  the  structure,  and  necessitated  the 
abandonment  of  the  existing  south-bound  track  throughout  the  portion 
to  be  constructed.  The  south-bound  traffic  was  turned  into  the  existing 
center  track  north  and  south  of  the  station,  and,  in  order  to  maintain 
access  to  the  station,  a  temporary  platform  was  constructed  over  the 
abandoned  track  adjacent  to  the  existing  platform  and  extending  north 
for  2G0  ft.  from  the  center  of  42d  Street.  In  order  not  to  interfere 
with  traffic,  the  timber  bents  supporting  this  platform  were  cut  and 
framed  in  advance,  and  the  platform  was  placed  one  night  between 
1  and  5  a.  m.,  during  which  time  no  trains  were  operated  on  the 
Second  Avenue  Line. 

The  south  end  of  the  old  south-bound  platform  was  then  removed, 
the  existing  track  girders  of  the  south-bound  track  were  shifted  into 
their  new  positions,  the  south  half  of  the  new  west  island  platform 
was  constructed,  and,  in  order  to  make  this  platform  long  enough 
to   serve   the   traffic,   a   temporary   timber  extension   was  built   at  the 


Fig.   10-1. — Shoeing  in  Third  Avenue  at  33d  Street. 


''ic;.   105. — Station  on  Second  Avenue  at  42d  Street  During  Reconstruction. 
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south  end.  Access  to  the  platform  was  obtained  by  a  stairway  to  the 
new  mezzanine  station,  which  was  partly  completed  and  connected 
to  the  street  by  a  stairway.  When  this  work  was  completed  and  ready 
for  operation,  the  existing  south-bound  station  was  abandoned  for 
traffic,  as  well  as  the  temporary  platform  north  of  42d  Street,  and  the 
south-bound  trains,  still  running  on  the  center  track,  were  stopped 
at  the  new  island  platform.  The  platform  construction  and  the  west 
station  building  were  then  removed,  and  the  relocation  of  the  south- 
bound track  and  the  construction  of  the  west  island  platform  were 
completed.  South-bound  traffic  was  then  run  on  the  new  permanent 
south-bound  track,  and  the  north-bound  traffic  was  diverted  to  the 
center  track,  the  new  west  island  platform  serving  both  tracks.  This 
left  the  east  side  of  the  structure  clear  of  traffic  and  permitted  the 
relocation  of  the  north-bound  track  and  the  completion  of  the  con- 
struction of  the  east  island  platform.  Fig,  105  shows  the  temporary 
platform  north  of  42d  Street  in  place  and  the  center  track  being  used 
for  south-bound  service;  half  of  the  station  building  has  been  removed. 
The  new  mezzanine  station  is  placed  in  the  span,  just  south  of  the  center 
line  of  42d  Street,  and  is  supported  by  the  through  bridge  girders  shown. 
These  girders  also  support  the  track  structure  and  the  platforms. 
Fig.  106  shows  the  southerly  half  of  the  new  west  island  platform  in 
course  of  construction. 

At  the  92d  Street  Station  the  existing  platform  was  centered 
between  the  two  running  tracks,  and  was  removed  to  make  room  for 
the  new  express  track.  To  replace  this  platform,  two  side  platforms 
were  constructed,  and,  as  the  structure  at  this  point  is  very  high,  a 
mezzanine  station  was  built  under  the  track  structure.  The  existing 
cross-girders  were  first  lengthened,  and  the  new  platforms  and  mez- 
zanine were  constructed.  When  these  platforms  and  the  stairs 
connecting  them  with  the  mezzanine  station  were  completed,  the  old 
center  platform  was  removed. 

Steel  Erection. — Section  No.  5- A. — In  this  section,  which  comprised 
the  Third  Avenue  Line  between  116th  Street  and  the  Harlem  River, 
the  approach  to  the  upper-deck  express  station  commenced  near 
121st  Street,  and,  as  the  express  track  was  to  connect  with  the 
upper  deck  of  the  Harlem  River  Bridge,  it  remained  elevated 
throughout  the  section.  Before  the  upper-deck  structure  was  erected, 
the    existing    cross-girders    and    columns    supporting    the    lower-deck 
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structure  in  Third  Avenue  between  123d  and  128th  Streets  were 
replaced.  In  order  to  support  the  track  stringers  while  the  cross- 
girders  and  columns  were  being  removed,  two  24-in.  I-beams  were 
placed  under  the  structure  on  each  side  of  the  cross-girder  and  supported 
on  timber  shoring  bents,  in  a  manner  similar  to  that  described  under 
Section  No.  3.  As  it  was  the  intention  to  scrap  the  old  material,  no 
attempt  was  made  to  preserve  the  members  intact,  and  the  removal  of 
the  old  structure,  therefore,  was  facilitated  by  burning  it,  with  a 
blaugas  flame,  into  pieces  convenient  to  handle.  After  the  old  columns 
and  cross-girder  of  a  bent  had  been  removed,  the  new  cross-girder 
("which  was  shipped  loose,  with  the  top  flange  and  such  web-angles  as 
might  interfere)  was  hoisted  into  a  position  directly  below  that 
which  it  was  to  occupy  permanently,  and  was  supported  in  this  position 
temporarily  by  the  shoring.  It  was  then  worked  into  place  by  jacking 
and  blocking  through  the  narrow  space  between  the  ends  of  the 
track  stringers.  The  top  flange-angles  were  afterward  pushed  in  from 
the  side  of  the  structure  between  the  track  stringers  and  the  ties, 
and  the  work  was  completed  by  riveting  the  pieces  together.  When- 
ever the  stringer  ends  were  to  be  remodeled,  this  was  done  in  con- 
junction with  the  erection  of  the  new  cross-girders.  The  columns, 
which  had  detachable  bases,  were  set  after  the  cross-girder  was  in 
place,  the  procedure  being  first  to  set  the  loose  base  over  the  anchor- 
bolts  and  then  slip  the  column  shaft  in  between  the  base  and  the 
cross-girder.  As  the  structure  was  generally  jacked  up  a  little  above 
the  final  elevation,  in  order  to  carry  the  load  of  the  structure  on  the 
shoring,  little  difficulty  was  experienced  in  putting  the  columns  in 
jilace. 

South  of  the  125th  Street  Station,  the  existing  cross-girders  and 
columns  were  retained,  but  the  cross-girders  were  reinforced  and  the 
ends  of  the  center-track  stringers  were  remodeled.  As  this  work  was 
done  while  traflSc  was  running  over  the  center  track,  the  structure 
had  to  be  shored.  The  method  of  shoring  is  shown  on  Fig.  108.  The 
shoring  bents  had  four  posts,  all  in  one  plane,  and  were  secured  to 
the  columns  by  yokes.  These  bents  were  not  designed  originally  for 
this  special  purpose,  but  had  been  used  on  another  section.  The 
shoring  girders  which,  as  usual,  consisted  of  two  pairs  of  24-in. 
I-beams,  rested  on  top  of  these  bents  and  supported  the  track 
stringers. 


Fig.   106. — Station  in  Second  Avenue  at  42d  Street.     Structure  Above 

Mezzanine. 


Fig.  107. — Raising  Structure  in  Second  Avenue  with  Hydraxtlic  Jacks. 
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The  derrick  which  erected  the  upper-deck  structure  was  set  up 
at  the  south  end  of  the  upper-deck  approach,  and  erected  the  steel 
structure  complete  as  it  proceeded,  until  it  reached  128th  Street.  At 
this  point  the  length  of  the  new  upper-deck  span  is  about  90  ft.,  and 
the  girders  weighed  about  17  tons  each.  The  derrick  was  not  able 
to  handle  these  girders.  Another  and  heavier  derrick  was  erected, 
therefore,  on  top  of  a  tower  construction  built  from  the  street  level 
to  the  level  of  the  lower  deck.  This  derrick  raised  each  girder  from 
the  street  and  placed  it  in  position  on  the  new  cross-girders,  which 
v/ere  also  raised  by  this  derrick.  As  it  was  the  invariable  rule  not 
to  permit  a  train  to  pass  under  steel  in  the  process  of  erection,  while 
suspended  from  a  derrick,  or  while  not  securely  fastened  to  its 
supports,  the  erection  of  these  girders  delayed  the  traffic,  the  delay 
in  each  case  being  about  15  min.  After  this  bridge  structure  had 
been  erected,  the  auxiliary  derrick  was  dismantled,  and  the  first 
derrick  proceeded  to  erect  the  work  through  to  the  Harlem  River 
Bridge. 

Steel  Erection. — Section  No.  5-B. — This  section  extended  from 
116th  to  129th  Street  on  Second  Avenue.  To  provide  the  proper  grade 
for  the  connection  to  the  two  decks  of  the  new  Harlem  River  Bridge, 
the  complete  structure  had  to  be  raised  for  a  length  of  1  387  ft.,  the 
maximimi  rise  being  7.5  ft.  As  it  was  essential  that  traffic  should  be 
maintained  while  the  structure  was  being  raised,  and  that  the  grades 
should  at  all  times  be  reasonable,  a  complete  plan  was  worked  out 
in  advance  of  the  work,  giving  the  location  of  the  points  to  be  raised 
at  one  time,  the  rise  at  each  point,  and  the  sequence  of  the  lifting 
operations.  In  the  preliminary  studies  it  was,  as  seemed  reasonable, 
first  attempted  to  start  the  lifting  operations  at  the  point  of  the  line 
where  the  final  rise  was  greatest,  that  is,  at  the  middle  of  the  portion 
of  the  structure  to  be  raised,  but  it  was  soon  found  that  no  satisfactory 
grade  could  be  maintained  starting  at  this  point.  The  scheme  decided 
on  is  shown  on  the  upper  part  of  Plate  XIV.  The  lifting  operations  were 
started  at  the  south  end  of  the  new  grade,  and  usually  five  bents  were 
raised  during  one  operation.  The  maximum  rise  during  any  one 
operation  was  limited  to  6  in.  The  second  lift  was  partly  superimposed 
on  the  first  one,  but  extended  over  three  additional  bents,  and  the 
work  was  continued  in  this  manner  mitil  five  operations  were 
completed,  and  the  structure  for  about  half  the  length  had  been  raised 
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SHORING  OF  STRUCTURE,  THIRD  AVENUE  LINE' 
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a  maximum  of  about  6  iu.  Another  set  of  jacks  was  then  started 
operating,  one  set  continuing  north  from  the  location  of  the  fifth 
operation,  and  the  other  set  starting  at  the  south  end  of  the  grade. 
The  effect  of  this  method  of  raising  the  structure  was  actually  to 
raise  it  in  steps  the  full  length  of  the  rise,  each  step  being  approxi- 
mately 6  in.  high.  The  numbers  on  the  diagram  indicate  the  sequence 
of  the  operations,  and  the  numbers  enclosed  in  a  circle  indicate  the 
operations  of  the  second  set  of  jacks.  As  this  second  set  was  not 
working  during  the  five  first  operations  of  the  first  set,  the  first 
operation  of  this  set  is  numbered  6,  to  correspond  to  the  sixth  opera- 
tion of  the  first  set  of  jacks.  It  was  intended  originally  to  raise  the 
structure  between  1  and  5  A.  m.,  when  no  trains  are  running  on  this 
line,  and  it  was  intended  to  complete  one  operation  only  during  each 
night,  but,  as  work  of  this  kind  would  be  very  unsatisfactory  to 
perform  by  artificial  light,  it  was  decided  to  do  it  during  the  day, 
and  the  jacking  operations  were  completed  in  17  working  days,  without 
interfering  with  the  operation  of  trains. 

At  both  ends  of  the  structure  raised,  where  the  lift  was  less  than 
3  ft.  6  in.,  that  is,  where  the  track  level  could  be  raised  to  its  proper 
grade  by  raising  the  track  stringers  only,  without  bringing  the  bottom 
of  the  stringers  above  the  top  of  the  cross-girders,  the  track  stringers 
only  were  raised.  For  the  remainder  of  the  length,  which  altogether 
included  twenty  bents,  the  complete  structure,  including  cross-girders 
and  columns,  was  raised.  Where  the  track  stringers  only  were  raised, 
they  were  supported  during  the  work  by  shoring.  A  four-post  bent 
with  all  the  posts  in  the  same  plane  and  with  the  two  outside  posts 
battered,  was  set  on  a  grillage  of  12  by  12-in.  timbers  laid  on  the 
street  surface  and  grouted.  The  bent  was  placed  outside  of  the 
columns,  in  order  not  to  interfere  with  the  street-car  service,  the 
tracks  of  which  were  between  the  columns.  The  bent  was  tied 
to  the  column  by  two  yokes.  On  top  of  two  such  bents,  at  the 
columns  supporting  the  same  cross-girder,  were  placed  four  24-in. 
I-beams,  two  on  each  side  of  the  cross-girder.  These  I-beams  had 
been  used  previously  for  shoring  girders  during  the  foundation  work 
on  other  sections,  and,  as  it  was  desired  not  to  punch  holes  in  them, 
in  order  not  to  destroy  their  value  for  any  future  use,  the 
I-beams  were  held  in  place  by  wood  blocks  and  steel  straps.  The  jacks 
used  for  raising  the  girders  were  set  on  top  of  these  I-beams,  and, 
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during  the  jacking  operation,  the  space  between  the  lip  of  the 
stringers  and  the  top  of  the  cross-girder  was  continuously  kept  filled 
M'ith  blocking  and  wedges,  in  order  to  prevent  any  dropping  of  the 
stringers  due  to  failure  of  the  jacks.  When  a  jacking  operation  was 
completed,  the  space  between  the  top  of  the  I-beams  and  the  bottom 
of  the  track  stringers  was  also  filled  with  blocking,  so  as  to  have 
double  security  against  dropping  of  the  stringers. 

Where  the  structure  was  to  be  raised  complete,  the  method  of 
procedure  was  as  follows :  First,  a  pit  was  dug  around  the  base  of 
each  column,  deep  enough  to  expose  the  base.  These  pits  were  6  ft. 
square,  after  being  lined  solidly  with  12-in.  timbers.  A  double 
A-frame,  of  12  by  12-in.  timbers,  as  shown  on  Plate  XV,  was  then 
placed  under  the  ends  of  the  cross-girders,  outside  the  columns,  on 
timber  blocking  laid  on  the  street  surface,  and  grouted.  A  working 
platform  was  provided  on  top  of  the  A-frames  and  12  by  12-in.  guide 
posts  at  each  corner  of  the  platforms.  These  guide  posts  were  to  keep 
the  blocking  in  place,  as  will  be  described  later,  but  the  inside  ones 
could  not  be  carried  to  their  full  height  before  the  structure  was 
raised,  as  they  would  interfere  with  the  track  stringers  in  their  orig- 
inal position.  They  were  arranged,  therefore,  so  that  they  could  be 
spliced  afterward.  To  stiffen  the  bents  laterally  during  the  work, 
two  24-in.  I-beams  connected  the  two  shoring  bents  under  the  same 
cross-girder,  and  were  braced  by  brackets  to  them. 

When  all  the  structure  to  be  raised  was  shored,  the  nuts  of  the 
anchor-bolts  in  the  bents  to  be  raised  during  an  operation  were 
loosened,  and  the  jacks,  which  were  set  on  top  of  the  working  plat- 
forms, were  started.  The  rise  of  the  structure  was  followed  up  with 
wedges  and  blocking,  both  under  the  cross-girder  and  under  the  bases 
of  the  columns.  When  the  structure  was  raised  high  enough  to  permit 
it,  sleeve  nuts  were  screwed  on  to  the  anchor-bolts,  and  extension 
anchor-bolts,  consisting  of  2-in.  rods,  threaded  their  full  length,  were 
added.  Afterward,  the  structure  was  secured  to  the  foundations 
after  each  jacking  operation  by  tightening  the  nuts  on  the  extension 
bolts.  On  the  top  of  the  shoring  bents,  the  working  platform  was 
gradually  raised  by  a  blocking  of  12  by  12-in.  timbers  secured  to  the 
shoring  by  the  guide-posts  and  by  braces  to  the  I-beams,  as  shown. 

Two  of  the  shoring  bents  had  to  be  placed  immediately  above  public 
service  manhole  chambers  in  the  street.     They  were  supported,  there- 
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fore,  on  shoring  girders,  which  removed  the  load  from  the  roof  of 
the  chambers  and  also  permitted  the  necessary  access  to  them. 

Fig.  107  shows  a  shoring  bent  during  a  jacking  operation.  To 
raise  the  track  stringers,  only  25-ton  ratchet  jacks  were  used,  one 
under  the  end  of  each  pair  of  stringers.  Where  the  entire  structure 
was  raised,  60  and  100-ton  hydraulic  jacks  were  used. 

With  the  structure  was  raised  a  signal  tower  and  the  southerly 
half  of  the  platforms  of  the  existing  station  at  12Tth  Street.  The 
track  stringers  in  front  of  the  remainder  of  the  platforms  were  raised, 
and,  in  order  to  retain  them  in  service,  narrow  platforms  were  built 
on  top  of  the  existing  ones  with  steps  leading  down  to  the  old  level. 

After  the  structure  was  raised  to  its  proper  elevation,  new  columns 
were  placed  where  the  cross-girders  had  been  raised.  The  old  columns 
were  removed,  and  the  new  ones  were  placed  by  tackle  attached  to 
the  structiire  girders.  At  the  same  time,  the  ends  of  the  track  stringers 
which  had  been  raised  were  remodeled  to  rest  on  the  cross-girders  at 
their  new  elevation. 

The  next  operation  was  the  erection  of  the  new  station  at  125th 
Street  and  the  construction  of  the  new  connections  to  the  Harlem 
Kiver  Bridge.  Plate  XVI  shows  the  different  stages  of  this  work. 
First,  the  north-bound  traffic  was  turned  into  the  center  track  south  of 
the  new  station  and  returned  to  the  existing  north-bound  track  at  a 
point  just  north  of  the  new  platforms,  so  as  to  serve  the  platform  at  the 
existing  station  at  127th  Street.  The  deck  of  the  abandoned  track  was 
then  stripped,  and  the  track  stringers  were  moved  sidewise  to  their 
new  location,  except  across  125th  Street,  where  the  existing  girders  were 
removed  and  replaced  with  new  through  bridge  girders.  Three  of  these 
girders  were  placed  to  carry  the  east  platform  and  the  new  north-bound 
track.  The  girders  were  erected  with  two  gin-poles,  one  at  each  end 
of  the  girder.  The  track  was  then  laid,  and  connection  was  made  so 
that  traffic  could  run  over  the  new  north-bound  track.  The  south- 
bound traffic  was  then  run  over  the  center  track,  and  the  structure 
changes  on  the  west  side  of  the  new  125th  Street  Station  were  made. 
When  completed,  the  south-bound  traffic  was  turned  from  the  center 
track  to  the  new  south-bound  track.  Work,  which  during  this  period 
had  been  in  progress  on  the  two  new  island  platforms,  continued,  and 
the  erection  of  the  mezzanine  station  was  started.  When  sufficiently 
completed,  and  connected  to  the  street,  the  east  platform  was  placed 
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in  service  for  both  north  and  south-bound  traffic,  the  center  track  again 
being  used  for  south-bound  traffic  past  the  platform,  and  the  existing 
station  at  127th  Street  was  abandoned  and  removed. 

The  outside  tracks  north  of  the  new  125th  Street  Station  were  then 
moved  to  their  new  permanent  position,  the  north-bound  under  traffic. 
The  moving  of  the  track  stringers  was  done  in  all  cases  by  sliding 
them  on  the  top  of  the  cross-girders,  the  work  being  done  with  25-ton 
jacks. 

The  upper-deck  structure  was  erected  with  a  traveler,  which  was  set 
up  at  the  bottom  of  the  incline  just  north  of  the  new  platforms  of 
the  station  at  125th  Street.  This  traveler  erected  all  the  steel  for  the 
upper  deck  as  far  as  the  junction  with  the  Harlem  River  Bridge. 
Fig.  109  shows  this  work  in  progress.  In  the  first  two  spans,  old  center- 
track  stringers  were  used,  with  the  ends  remodeled;  the  remainder 
of  the  track  stringers  are  new  plate  girders. 

Steel  Erection. — Section  No.  5-C. — This  section  comprised  the  new 
Harlem  River  Bridge.  On  account  of  the  necessity  of  maintaining 
traffic,  the  erection  of  the  new  bridge  had  to  be  carried  out  in  such 
a  manner  that  traffic  over  the  existing  bridge  would  not  be  interrupted, 
and  it  was  decided,  therefore,  to  build  a  new  bridge  on  a  pile  platform 
at  a  convenient  point  in  the  river,  so  that,  when  the  erection  was 
completed,  it  could  be  floated  into  position.  The  first  question  to  be 
settled,  therefore,  was  the  site  for  erecting  the  bridge.  The  Company 
owns  a  yard  with  a  dock  front  adjacent  to  and  south  of  the  bridge, 
on  the  Manhattan  side  of  the  Harlem  River.  This  dock  front  would 
have  been  a  convenient  location  for  building  the  bridge,  but  would 
have  interfered  with  the  use  of  the  yard,  and  was  also  objected  to  by 
the  War  Department,  on  account  of  encroachment  on  the  river.  Just 
south  of  this  yard,  which  was  bounded  on  the  south  side  by  128th 
Street,  there  was  another  dock  front,  set  back  of  the  United  States  bulk- 
head line.  This,  as  well  as  the  yard  adjacent  to  it,  was  leased  by  the 
Company,  and  after  obtaining  the  approval  of  the  War  Department,  the 
space  between  the  United  States  bulkhead  line  and  this  dock  front 
was  determined  on  as  the  site  for  the  erection  of  the  bridge.  Fig.  Ill 
shows  the  property  leased  and  the  location  of  the  pile  platform. 

The  bridge  was  built  on  a  timber  platform  supported  on  piles. 
The   platform   was   arranged   so    that   the   two   shore   spans   could   be 


Fig.   109. — Second  Avenue  Line,  North  of  125th  Street. 


Fig.   110. — Temporary  Pile  Platform  for  Erection  of  Bridge  Spans. 
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Bent  877  to  898.  Jac^np'plafrorilis -with /Slructure,iEDm.Bent'896  Sontli.  Cod- 
strucf" Narrow  Temporacy  Platforms  oupJd ,  Platf6nnB.&  (he  New  Gradeof 
Trackg^ftom  Beiit^896  Norfh.  Er^ct  JI&w  ^rfeet  Colnmno  jcom  Bent  877.fc  8W 
and  Sidewalk  Colamnu^  foFf^ew.  Station  at.  125th  St:' and  lengt'hen  oat  Oxoee- 
Girders  for  Station.' MakalAlte  rati  onsan  Old  Longitudinal  GirderafronuBent 
870  to  Bent  876. 

Remove  Plalformirom  128th  ^t.  to  Harlem  "River  Bridge.  ConBtroct  New 
Foundations  at  Ha'flem  Riyer.  Make  all  neceeBarj;  Afltetattone  in  Old'Stmcttiro 
to  fhie  point^This  ■work  may  overlap  next.ThreeSiageS. 

SECOND  STAGE.  Pat"in  Cross-OverB  South  of  1239  Stree*,  ps  BhawD.  Tnro 
North-Bound  Traffic  on  to  Center  Track  from  l24thStreeti"lo  "126th  Street. 
Old  North- Bound  Track  over  thie^  Stretch.  Move  Old  Nottb-Bonnd 
longitudinal  Girders  into  new  locations 'from  Bent  878  io  888.  Erect  New 
Longitudinal  Girders  for  East?  side  from  877  to  890.  "Erect  East  Platfonn 
Girders  and  Bnild'Eaef  Platform  of  125tb  Street  Station.  Build  Eaetlialf  of 
Station,  Lay  Ne.w.  Nocth-Bound  Track^np  to  and  including  Switch.  South  of 
12fith^treet;* 

THIRD  STAGE.  Put  in  Cross-Over  South  of  12ith  Street,  as  shown.  Con- 
up  Old  and  New  North-Bound  Track  at  126th  Street.  Turn  SouthtBound 
Traffic  on  to  Center^  Track  form  126th  Street  to  124th  Street,  Turn  North- 
Bound  Traffic  on  to  Ne.w  East  Track.  Repeat  operations  of.2d  S'tage  foe  West 
Track  and  Weet  side  of  Structure. 

Remove  Switch  at  126th  Street.  Connect  up  old  SoutTi-Bound  with  New  Sonth- 
Bound  at  tliis  point.  Turn  Traffic  over  this  route.  Remove.  Old  Longitudinal 
Girders  for  Center-Track  at  J25th,  Street  Span.  .  Erect  New^Floor-Beams  and 
Stringers  of-Centei:.Track  and.compIete,Station. 

FOURTH  STAGE.  Move  to  Ne.w  Station.  Turn  South-Bound  Traffic  on  to 
Center  Track  past  Old  Station  and  past  New  Station.  Tear  oot  Old  Statiot 
and  Platfortns.  Erect  New  Longitudinal  Girders  for  West  side  from  Bent 
890  to  Bent  904.  Move  out  Old  Longitudinal  Girders  with  tractfrom  Bent  891 
to  902  and  make  new  Connections  witli.  West  Yard. 


FIETH  STAGE.  Tarn  Soutli-Bound  Traffic  on  to  New  South-Bound  Track. 
Erect  New  Longitudinal  Girders  for  East^side  from  Bent  890  to  Bent  902. 
Move  out  Old  Longitudinal  Girders  with  Track  from  Bent  891.to  Bent  SOO^Turn 
North-Bound  Traffic  on  to  Center  Track.  Make  temporary  Cross-Over  be- 
tween East  and  West  Tracks  at  12-7th  Street.  Run  all  Bronx^ Traffic  over 
Single  East  Track  North  of.  I2Rth  Street.  Remove  Old  Center  Trackfrom  lS7th 
Street  around  Curve.,  Lay  New  NortTi  and  South:Bound.Bronx  .Tracks  Xor 
Lower  Deck,  as_far  as  possible. 

SIXTH  STAGE.  Complele  New  East  Track  betiween  127th  Street  and  Hailem 
River  Bridge.  Tui-n  North-Bound  Traffic  on  to  East  Track.  Remov^Center 
Track  from  ISGth  Street  to  127th  Street.  Connect  South-Bound  Track,-  will^ 
South-Bound  over  Harlem  River  Bridge,  Complete  North-Bound "LocalTrack 
from  127th  Street  North,  Make  Conuection  with  and'complite  changes  in  Eaet " 
Yard.  -Erect  and  complete  Upper  Deck  Structure, 


CONVENTIONAL  SIGNS; 
Original, Tracks  shown  by  double  fine  li; 
Final  TiracksdawerdoA  shown  by  heavy  full  lines. 
Final  Tracks  (upper  deck)  shown  by  heavy  dash  lines. 
Temporary  .Tracks  shown^by  hatched  double  finejines. 
Original  Stafion_P]atfoi:ms'1,hown  by  fint  Hoe  outlines. 
Final  Station  Platfonns  shown  by  heavy  line  ontlines. 
Temporary  Station^Platforms  shown, by  hatched  outUni 
«  Arrowti  sbow  direction  ot  irafficjnovement. 


DIAGRAM  QF  PROGRESS  0(T  EREGTIQN 
SECOND  AVENUE    LINE 
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erected  at  the  same  time,  and  so  that  the  swing  span  could  be  erected 
on  the  same  platform  after  the  shore  spans  had  been  removed. 

Plate  XVII  shows  the  details  of  the  platforms.  The  piles  on  which 
the  platform  was  supported  were  driven  to  solid  bottom  and  cut  off 
and  capped  4  ft.  6  in.  above  mean  high  water.  The  piles  were  braced 
with  timbers  between  the  top  and  low-water  level,  and,  below  this, 
additional  cross-bracing  was  provided  by  wire  cables  looped  around  the 
pile  at  one  side  of  the  bent  and  brought  up  diagonally  and  tied 
to  the  pile  at  the  other  side  at  low-water  level. 

The  piles  were  arranged  so  that  spaces  were  left  between  the  bents 
wide  enough  to  permit  the  passage  of  the  barges  which,  when  the 
erection  was  completed,  were  to  float  the  bridge  spans  off  the  pile 
platform.  On  the  top  of  the  pile  caps  was  erected  a  braced  timber  con- 
struction supporting  2-i-in.  I-beams,  which  formed  the  deck,  on  which 
the  bridge  spans  were  erected.  Plate  XVII  shows,  in  full  lines,  the 
position  of  the  center  span  of  the  bridge  on  the  platform,  and,  in 
dotted  lines,  the  two  end  spans  which  were  erected  simultaneously. 
The  south  span  was  erected  at  the  north  (left)  end  of  the  platform.  On 
account  of  the  trusses  of  this  span  not  being  parallel,  one  end  of  the 
span  was  heavier  than  the  other;  this  span,  therefore,  was  not  placed 
symmetrically  on  the  platform,  but  in  such  a  manner  that  the  load  of 
the  span,  when  placed  on  the  two  barges  which  supported  it  when 
floated  off  the  platform,  would  be  distributed  uniformly  on  the  two 
barges. 

The  platform  was  arranged  so  that  the  bridge  was  erected  at  an 
elevation  2  ft.  higher  than  that  which  it  would  occupy  when  supported 
on  the  bridge  piers,  in  order  to  insure  sufficient  head-room  when  the 
bridge  was  floated  in. 

When  the  platform  was  completed,  the  erection  of  the  steelwork 
for  the  north  and  south  spans  was  commenced.  This  was  done  with 
a  derrick-boat,  the  pile  platform  being  about  40  ft.  from  the  river 
bulkhead,  so  that  the  derrick-boat  could  erect  the  steel  from  either  side 
of  the  platform.  Fig.  110  shows  the  platform,  with  the  two  end  spans 
nearly  completed;  the  derrick-boat  is  also  shown.  Immediately  after 
the  steel  erection  was  completed,  the  placing  of  the  track  structure 
was  commenced.  The  connections  of  the  existing  tracks  of  the 
Second  and  Third  Avenue  Lines  extended  over  the  south  shore  spans, 
as  shown  by  Fig.  112,  which  is  a  view  of  the  old  Harlem  River  Bridge. 


Fig.  112. — South  Approach  to  Harlem  River  Bridge. 


Fig.  113. — Scows  with  Timber  Trusses  for  Supporting  New  Bridge. 
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It  was  necessary  that  the  alignment  of  the  track  laid  on  the  new  span 
should  be  an  exact  duplicate  of  that  of  the  track  existing  on  the  old 
span,  in  order  to  avoid  delays  to  the  traffic  after  the  old  span  had  been 
replaced  by  the  new.  The  existing  track  lay-out  therefore,  was  sur- 
veyed carefully  and  reproduced  on  the  new  bridge  span,  and  it  may 
be  stated  that  the  new  track  matched  exactly  when  the  new  bridge 
VTas  placed. 

At  the  same  time,  the  scows,  which  were  to  float  the  new  spans  in 
place,  were  being  made  ready.  These  scows  were  95  ft.  long  over  all; 
their  length  at  the  water  line,  unloaded,  was  80  ft.;  their  height  above 
water,  unloaded,  was  6  ft.,  and  their  width  was  29  ft.  The  scows 
were  decked  and  well-braced,  so  that  no  additional  bracing  was  neces- 
sary. On  the  deck  of  each  scow  was  erected  four  timber  trusses  for 
the  support  of  the  bridge,  as  shown  by  Fig.  113. 

The  ranges  of  the  tide  in  the  Harlem  River  at  the  Harlem  River 
Bridge  are  very  irregular,  and  do  not  always  correspond  to  those  pre- 
dicted. The  tide  at  this  point  is  affected  by  tides  in  both  the  North 
and  East  Rivers.  The  rising  tide  produces,  what  might  be  contrary 
to  expectations,  a  southerly  current,  and  the  falling  tide  a  northerly 
current  in  the  river.  The  height  of  the  tides,  also,  is  affected 
considerably  by  the  weather  conditions.  It  was  deemed  advisable, 
therefore,  to  provide  other  means,  in  addition  to  the  tide,  to  accom- 
plish the  lowering  of  the  bridge  spans  to  the  pier,  so  that  unforeseen 
tidal  conditions  should  not  prevent  placing  them  at  the  desired  time 
and  thereby  interrupt  seriously  the  traffic  across  the  bridge.  The 
apparatus  used  was  sand-jacks,  the  details  of  which  are  shown  by 
Fig.  114.  Each  sand-jack  consisted  of  a  box,  made  of  6  by  8-in.  timber, 
framed  and  tied  together  with  bolts,  and  a  plunger  consisting  of 
nine  pieces  of  12  by  12-in.  timber.  The  box  was  originally  5  ft.  high, 
but  had  a  bottom  sloping  to  the  center,  which  reduced  the  effective 
height  to  4  ft.  The  box  was  3  ft.  3  in.  square  inside.  In  the  center 
of  the  bottom  of  the  box  there  was  a  hole,  4  in.  in  diameter  that  could  be 
closed  by  a  gate  consisting  of  a  6  by  f-in.  steel  bar,  fastened  at  one 
end  to  the  under  side  of  the  box  in  such  a  manner  that  by  moving 
the  other  end  of  the  bar  sidewise,  the  opening  could  be  closed  or 
opened  as  desired.  Six  of  these  boxes  were  set  on  top  of  the  timber 
trusses  on  each  scow  and  bolted  securely  to  the  framework  of  the 
trusses.     To  the  24-in.  I-beams,  supporting  the  bridge  spans  on  the 
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timber  platform,  were  bolted  plungers,  as  shown  by  Fig.  115,  in  such 
positions  that  they  would  fit  accurately  over  the  boxes  on  the  scows, 
when  the  latter  were  in  their  proper  places,  ready  to  lift  the  bridge 
spans  off  the  platform.  The  plungers  consisted  of  nine  pieces  of 
12  by  12-in.  timber,  set  on  end  and  bolted  together  so  that  their 
outside  dimensions  were  3  ft.,  leaving  a  clearance  of  li  in.  all  around 
between  the  plungers  and  the  boxes.  The  method  of  using  the  sand- 
jacks  was  to  fill  the  boxes  to  the  top  with  fine  dry  sand  and  let  the 
plungers,  which  carried  the  bridge  spans,  be  supported  on  top  of  the 
sand.  When  it  was  desired  to  lower  the  bridge,  the  gates  at  the 
bottom  of  the  sand  boxes  were  opened,  and  the  sand  flowed  out,  letting 
the  plungers  descend  gradually  in  the  boxes,  and  with  them  the  bridge. 

The  south  span  of  the  bridge  was  first  made  ready  to  be  moved. 
The  time  for  the  replacement  was  determined  in  conjunction  with 
the  Company's  Traffic  Department,  which  desired  this  to  be  the 
night  between  a  Saturday  and  a  Sunday,  after  the  hour  of 
1  A.  M.,  at  which  time  the  traffic  over  the  bridge  was  lightest. 
As  the  rising  tide  was  to  be  used  for  removing  the  old  span,  it  was 
necessary  to  select  a  night  when  high  tide  occurred  an  hour  or  two 
after  1  p.  m.  After  consulting  the  tide  tables,  Sunday  morning, 
February  20th,  1915,  was  selected  as  the  time  for  replacing  the 
south  span.  As  it  was  not  deemed  advisable  to  keep  the  span  floating 
on  the  scows  longer  than  necessary,  on  account  of  the  possible  danger 
of  scows  leaking  and  settling,  or  even  sinking,  it  was  decided  to  float 
the  bridge  span  off  the  platform  on  the  tide  immediately  preceding 
the  one  on  which  the  span  was  to  be  set  in  place.  This  made  the 
time  for  floating  off  the  span,  Saturday,  February  19th,  in  the 
afternoon. 

At  8  A.  M.  on  this  date,  the  two  scows  which  were  to  carry  the 
span  were  brought  into  their  proper  place,  as  shown  by  Fig.  115. 
The  floating  weight  of  the  south  span  was  380  tons,  which  would 
give  the  scows  a  displacement  of  2  ft.  8  in.  It  happened  at  this  time 
that  the  tide  did  not  rise  more  than  3  ft.,  and  as  about  4  in.  was  lost 
before  the  plungers  got  proper  bearing  on  the  sand,  the  scows  failed 
to  float  the  bridge  clear  of  the  platform.  The  replacing  was  post- 
poned for  24  hours,  which  was  satisfactory  to  the  Traffic  Department, 
as  February  22d  was  a  holiday,  and  the  traffic,  therefore,  light,  and 
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the  time  of  high  water  would  not  change  appreciably  during  the 
24  hours. 

The  scows,  which  had  been  removed  from  under  the  bridge  span 
to  avoid  the  danger  of  unexpectedly  floating  the  bridge  during  the 
intervening  high  tide,  were  again  placed  in  position  on  Sunday  morn- 
ing, February  21st.  As  a  steady  west  wind  had  produced  exceptional 
low  ranges  of  tide,  the  sand  boxes  were  increased  12  in.  in  height,  and 
jacks  were  used  between  the  bridge  span  and  the  scows  to  produce 
an  initial  displacement  of  the  scows  of  8  in.  at  low  tide.  The  south 
span  was  floated  successfully  at  this  time,  2  hours  before  high  tide, 
with  9  in.  of  tide  to  spare,  although  the  range  of  tide  was  only  2  ft. 
11  in.  When  the  span  was  clear  of  the  platform,  the  base  of  rail  was 
36  ft.  7  in.  above  the  water  level  at  the  south  end  of  the  span,  and 
o5  ft.  10  in.  at  the  north  end.  The  displacement  of  the  scow  at  the 
south  end  was  2  ft.  6  in.  and  at  the  north  end  2  ft.  10  in. 

As  the  scows  gradually  cleared  the  platform,  they  were  braced 
together  by  timbers  cut  in  advance  for  this  purpose,  so  as  to  insure  the 
scows  remaining  in  their  relative  position  during  the  towing.  The 
bridge  was  towed  to  the  Company's  dock  and  was  tied  up  there  to 
await  the  next  tide,  when  it  was  to  be  placed. 

In  the  mean  time  two  other  scows  had  been  provided  with  timber 
trusses  similar  to  those  on  the  scows  carrying  the  new  bridge  span, 
and,  at  10  p.  M.,  when  the  next  low  tide  occurred,  they  were  towed 
to  and  placed  under  the  old  south  bridge  span.  Blocking  was  placed 
between  the  timber  trusses  and  the  under  side  of  the  old  bridge,  and 
at  1.30  A.  M.,  the  blocking  was  permitted  to  bear.  The  last  train  passed 
over  the  bridge  at  1.58  a.  m.,  and  all  the  rail  connections  between  the 
bridge  span  and  the  structure  on  the  shore  were  removed  by  2.07  A.  m. 
At  the  same  time,  the  swing  span  was  opened  so  as  not  to  interfere 
with  the  work. 

At  3.30  A.  M.,  the  old  span  was  clear  of  the  supporting  piers,  except 
at  the  northeast  corner,  and  as  the  tide  was  approaching  its  highest 
level,  the  derrick-boat,  which  had  been  used  for  erecting  the  bridge, 
was  used  to  assist  the  tide  in  getting  the  span  clear  of  the  piers  at 
this  point.  The  old  span  floated  clear  at  3.58  A.  m.  on  top  of  the  tide, 
and  was  towed  to  the  north  and  afterward  returned  through  the  open 
swing  span  to  the  Company's  dock. 


Fig.   115. — Sand  J.^vcks. 


Pig.   11  G. — Harlem  River  Bkidge  During  the  Changing  of  the  Swing  Span. 
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Immediately  thereafter,  the  new  bridge  seats  and  expansion  rollers 
were  set  on  the  piers  by  small  derricks,  and  the  new  span  was  floated 
into  position  by  4.30  a.  m.,  3  ft.  6  in.  above  its  proper  elevation.  The 
tugboats  maneuvered  the  bridge  very  closely  to  its  proper  location,  and 
it  was  then  secured  to  the  piers  by  two  crossed  sets  of  blocks  and  falls 
at  each  end  and  by  steamboat  ratchets  to  control  longitudinal  move- 
ments. 

The  tide  was  now  falling,  and  the  settling  of  the  bridge  was  assisted 
by  letting  sand  flow  out  of  the  sand-jacks.  The  position  of  the  bridge 
span  was  kept  in  continuous  adjustment,  and  a  careful  final  adjustment 
was  made  immediately  before  the  bridge  was  about  to  bear  on  its 
seats,  by  inserting  a  bar  between  the  ropes  of  the  falls  and  twisting 
the  ropes  until  the  bridge  was  accurately  centered. 

The  new  south  span  was  brought  to  a  bearing  at  6.10  a.  m.  The 
track  connections  were  then  made,  and  the  swing  span  closed,  and 
at  6.56  A.  M.,  4  hours  and  58  min.  after  traffic  had  been  suspended,  the 
first  train  passed  over  the  new  bridge.  The  tide  continued  to  fall,  and 
at  7.40  A.  M.,  the  scows  cleared  the  bridge  and  were  towed  away,  taking 
all  the  falsework  with  them. 

The  next  favorable  tide  for  setting  a  bridge  span  occurred  on  Sun- 
day morning,  March  6th,  1915.  The  day  before  the  new  north  span 
had  been  floated  off  the  platform,  the  range  of  tide  was  nearly  twice  as 
great  as  when  the  south  span  was  floated.  The  weather  at  this  time 
was  very  unfavorable.  A  heavy  northeast  snowstorm,  with  high  winds, 
commenced  on  Saturday  morning  and  continued  throughout  the  day 
and  the  following  night,  while  the  bridge  was  being  placed.  It  had 
been  arranged  that  traffic  should  be  suspended  at  1  A.  M.,  and  the 
scows  which  were  to  remove  the  old  north  span  were  brought  to  a 
bearing  under  the  bridge  some  time  prior  to  this.  On  account  of  the 
northeast  wind,  however,  the  tide  rose  with  great  rapidity  and  was 
so  high  that  traffic  had  to  be  suspended  at  12.44  A.  M.  The  track 
connections  were  immediately  removed,  but  with  some  difficulty,  as 
the  tide  was  already  lifting  the  bridge.  When  clear  of  the  piers,  the 
old  north  span  was  towed  away  to  the  north  and  returned  through 
the  open  swing  span  to  the  Company's  dock. 

The  new  north  span  was  towed  into  position  at  12.35  A.  M.  and 
was  brought  to  a  bearing  on  the  piers  at  4.31  A.  M.  by  using  the  sand- 
jacks,  while  the  tide  was  still  1.0  ft.  above  mean  high  water. 
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The  erection  of  the  new  swing  span  commenced  on  March  10th, 
1915,  and  the  placing  of  the  new  operating  machinery  was  started  on 
April  5th.  As  described  previously  under  the  heading  "Details  of 
Design",  the  machinery  first  erected  did  not  work  properly,  on 
account  of  the  flexibility  in  the  support  of  the  bearings  of  the 
beveled  gears.  New  castings,  with  bearings  for  both  the  gear  wheels 
made  in  the  same  casting,  therefore,  were  designed  and  fabricated, 
and  the  erection  of  the  machinery  was  not  finally  completed  until 
August  15th,  1915. 

In  the  mean  time  the  necessary  preparations  on  the  existing  center 
pier  for  carrying  the  new  swing  span  had  been  in  progress.  As 
stated,  the  new  swing  span  was  center-bearing,  and  the  old 
one  was  drum-bearing.  In  order  to  provide  space  for  the  center  casting, 
it  was  necessary  to  excavate  a  pit  in  the  center  of  the  pier,  8  ft.  in 
diameter  and  4  ft.  3  in.  deep,  directly  under  the  center  pivot  of  the 
old  swing  span.  A  frame  of  I-beams,  therefore,  was  placed  on  top 
of  the  pier  to  support  the  pivot,  and  was  held  in  position  securely  by 
timber  struts  wedged  in  between  the  steel  frame  and  recesses  in  the 
pier  made  for  the  purpose.  The  excavation  was  then  started,  by 
what  amounted  to  sinking  a  shaft  into  the  pier  outside  of  the  center 
pivot,  and,  from  that,  the  pit  for  the  new  center  casting  was  tunneled 
out.  The  work  was  greatly  hampered  by  lack  of  head-room,  having 
to  be  done,  until  sufficient  depth  had  been  reached,  while  lying  on 
top  of  the  pier.  Wlien  the  excavation  was  completed  the  bottom  of 
the  pit  was  made  level  with  a  granolithic  finish,  and  a  beveled  ring  with 
an  inside  diameter  of  7  ft.  was  set  in  place  and  anchored  securely  to 
the  pier.  In  order  to  insure  a  uniform  bearing,  a  sheet  of  lead,  ^^  in. 
thick,  was  placed  under  the  beveled  ring.  The  purpose  of  this  ring 
was  to  act  as  a  guide  when  the  center  casting  was  to  be  set  in  place, 
which  was  to  be  done  simultaneously  with  the  placing  of  the  swing 
span,  so  that  no  time  should  be  lost  in  instrument  work  while  the 
traffic  was  suspended. 

In  addition  to  this  work,  plates  were  placed  on  the  pier  and  anchored 
and  grouted  to  form  seats  for  the  new  wedge  castings,  and  the  rack 
for  the  new  bridge,  which  was  made  in  twelve  sections,  was  placed  in 
position  and  anchored  inside  of  the  existing  circular  track.  This  track, 
which  had  a  tapered  surface,  was  maintained  temporarily  to  act  as  a 
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track  for  the  balancing  wheels  of  the  new  bridge,  but  was  renewed 
after  the  latter  had  been  put  in  place. 

On  the  rest  piers,  the  existing  granite  cap-stones  were  cut  to  fit 
the  new  wedge  and  latch  castings.  As  the  new  wedge  castings  were 
at  the  same  points  as  the  existing  castings,  it  was  necessary  to  remove 
these  while  the  seats  were  being  prepared.  This  was  done  between 
5  P.  M,  and  9  A.  m.,  during  which  time  the  bridge  is  not  opened  for 
river  traffic. 

Before  the  new  swing  span  was  moved,  the  lower-deck  track  had 
been  laid  complete,  and  a  temporary  switch  machine  had  been  placed 
on  the  new  bridge.  A  new  submarine  cable  was  also  laid  to  the  center 
pier  to  supply  power  for  oi)erating  the  new  swing  bridge. 

The  day  chosen  for  placing  the  swing  span  was  Sunday,  August 
22d,  1915.  At  12.35  p.  m.,  on  August  21st,  the  four  scows  which  were 
to  carry  the  bridge  were  placed  in  position  under  the  new  swing  span 
on  the  platform.  The  plungers  came  to  a  bearing  on  the  sand  in  the 
boxes  at  1.15  p.  m.  At  5.40  p.  m.,  the  tide  had  lifted  the  bridge  clear 
of  the  platform  2  hours  before  and  2  ft.  below  high  tide.  The 
floating  weight  of  the  swing  span  was  1 100  tons,  and  the  average 
displacement  of  the  four  scows  under  this  load  was  3  ft.  6  in.  Fig. 
117  shows  the  four  scows  taking  the  load  of  the  swing  span  off  the 
platform.  The  base  of  rail,  when  floating,  was  35  ft.  2  in.  above 
water  level.  The  bridge  was  towed  over  to  the  east  side  of  the  river, 
]ust  south  of  the  Harlem  River  Bridge,  and  was  tied  up  there  until 
the  time  of  placing  it  had  arrived.  On  Sunday  morning,  August  22d, 
low  tide  occurred  at  1.30  a.  m.  The  two  scows  which  were  to  float 
off  the  old  span  on  the  rising  tide  were  placed  under  that  span  and 
were  allowed  to  take  bearing  at  once.  Traffic  across  the  bridge  was 
suspended  at  1.54  a.  m.  At  5.30  a.  m.,  the  old  span  was  lifted  clear  of 
the  piers  and  towed  to  the  south  and  tied  up  at  the  Company's  dock. 
The  old  spider  casting  and  bearing  wheels  were  left  on  the  center  pier 
when  the  old  span  was  removed.  After  cutting  the  spider  in  con- 
venient pieces  to  be  handled,  all  these  parts  were  removed  by  a 
derrick-boat,  which  also  set  the  new  center  casting  and  the  center 
pier  wedges.  At  the  same  time,  the  latch  castings  and  the  wedge 
castings  on  the  end  piers  were  set  by  small  derricks  placed  on  the 
upper  deck  of  the  end  spans.  Fig.  116  shows  the  derrick  working  at 
the  center  pier,  and  also  shows  the  old  center  span  removed  to  the 
right  and  the  new  span  waiting  to  be  placed  at  the  left. 
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The  new  span  was  floated  into  its  proper  position  over  the  piers 
at  7.45  A.  M.,  and  was  secured  to  the  end  spans  in  proper  alignment  in 
a  manner  similar  to  that  described  for  the  south  span.  In  addition 
to  this,  6  by  8-in.  timbers  were  bolted  to  the  approach  spans  and 
acted  as  guides  for  the  end  post  of  the  swing  span.  The  lowering  of 
the  bridge  was  then  commenced  by  the  sand- jacks,  aided  by  the  falling 
tide,  and,  at  10  a.  m.,  the  swing  span  landed  in  its  final  position. 

The  falling  tide  released  the  scows  at  11.30  a.  m.,  and  at  12.43 
p.  M.,  when  the  track  and  signal  work  was  completed,  the  first  train 
crossed  the  new  span. 

Steel  Erection. — Section  No.  5-D. — This  section  extended  from  the 
Harlem  Eiver  through  the  yard  of  the  New  York,  New  Haven  and 
Hartford  Eailroad  and  the  Company's  yard  to  133d  Street.  Steel 
erection  had  been  in  progress  north  of  this  section,  and  the  traveler 
doing  this  work  proceeded  directly  from  the  north  to  this  section  at 
133d  Street.  In  order  to  place  the  new  structure  across  133d  Street, 
the  structure  had  to  be  shored  as  some  of  the  supporting  columns  were 
moved.  Generally  speaking,  one  of  the  two  columns  which  supported 
the  structure  carrying  one  of  the  tracks  was  removed,  and  the  struc- 
ture was  supported  temporarily  by  an  A-frame,  as  shown  by  Fig.  118, 
braced  diagonally  to  the  remaining  column.  South  of  133d  Street 
the  tracks  were  carried  directly  above  a  machine  shop  in  the  Com- 
pany's yard.  In  order  to  place  the  supporting  columns,  which  went 
through  the  roof  and  the  floor  of  the  shop,  and  were  supported  on  foim- 
dations  below  the  shop  floor,  the  roof  was  entirely  removed.  After 
the  structure  was  erected,  the  roof  was  replaced. 

The  traveler  proceeded  through  the  Company's  yard  and  the  freight 
yard  of  the  New  York,  New  Haven  and  Hartford  Railroad,  the  steel 
being  furnished  on  flat  cars  operating  on  the  existing  tracks  of  the 
elevated  structure. 

Steel  Erection. — Section  No.  6- A. — Prior  to  erecting  the  new  steel- 
work in  this  section,  which  comprises  the  Third  Avenue  Elevated 
Line,  from  133d  to  147th  Streets,  through  the  Company's  private  right 
of  way,  the  existing  structure  had  to  be  moved  to  make  room  for  the 
new  one.  The  existing  tracks  through  the  right  of  way  were  supported 
on  brick  piers  with  granite  cap-stones.  New  concrete  piers  were  built 
to  support  the  south-bound  track  at  its  new  location.  The  north-bound 
track,  including  the  track  stringers,  was  shifted  6  in.  to  the  east.    The 
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work  was  done  by  supporting  the  track  stringers  on  wooden  bents 
placed  close  to  the  piers,  one  on  each  side  of  the  pier.  The  bents 
consisted  of  two  12  by  12-in.  posts,  with  cap,  sill,  and  bracing,  and 
with  the  sill  bearing  on  the  foundation  of  the  pier.  On  top  of  the 
bents  were  placed  steel  plates  on  which  the  girders  were  to  slide.  The 
stringers  and  the  granite  cap-stones,  to  which  the  stringers  were  bolted, 
were  jacked  up  about  1  in.,  and  the  shoring  bents  were  then  wedged 
up  so  as  to  make  the  stringers  bear  on  the  bents.     The  shifting  of  the 
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Pig.  118. 
stringers  was  done  with  steamboat  ratchets,  as  will  be  described  later. 
When  the  girders  were  moved  to  their  proper  location,  they  were  low- 
ered with  the  cap-stone  to  the  new  location  on  the  pier,  and  a  new 
brick  extension,  supported  on  the  base  of  the  pier,  was  added  to  sup- 
port the  overhang  of  the  latter.  The  extent  of  the  move  of  the  north- 
bound track  was  about  750  ft.  between  138th  and  141st  Streets, 

The  move  of  the  south-bound  track  was  considerably  more  extensive, 
both  in  length  and  distance.  The  track  was  moved  between  133d  and 
144th  Streets,  a  distance  of  2  760  ft.,  and  the  sidewise  movement  was 
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from  12  to  13  ft.  The  track  stringers  were  shifted  from  their  exist- 
ing piers  to  the  new  piers,  which  were  built  in  advance  of  this  work, 
by  sliding  them  over  a  track,  as  shown  by  Fig.  119.  Between  the  piers, 
and  on  top  of  the  new  pier,  the  track  consisted  of  rails,  supported  on 
the  pier  on  6  by  8-in.  ties  and  between  the  piers  on  timber  bents  or 
blocking,  as  shown.  On  the  old  piers,  plates  |  in.  thick  were  inserted 
between  the  stringers  and  the  top  of  the  piers,  on  which  the  stringers 
were  to  slide  during  their  moving.  The  apparatus  used  for  shifting 
the  stringers  was  steamboat  ratchets,  hooked  to  the  bottom  flange  of 
the  far  stringers  at  one  end  and  tied  around  the  new  pier  at  the  other 
end,  as  shown  by  Fig.  120. 

At  the  street  crossings,  where  the  existing  structure  rested  on 
steel  bents,  the  structure  was  supported  for  moving,  as  shown  in  the 
lower  part  of  Plate  XIV.  On  top  of  the  shoring  girders  (4  ft.  deep) 
which  had  been  used  for  the  foundation  work,  was  placed  a  four-post 
framed  timber  tower  supporting  the  stringers  to  be  moved.  The  exist- 
ing coliunns  and  cross-girders  which  were  connected  to  the  stringers, 
were  moved  with  the  stringers,  and  a  trench  was  dug  in  the  street  so 
that  the  base  of  the  columns  could  move  without  obstruction.  The 
shoring  frame  was  provided  with  shoes  of  steel  plates  to  slide  on  top 
of  the  shoring  girders.  Steamboat  ratchets,  connected  to  the  stringers 
and  the  shoring,  as  shown  by  Fig.  121,  were  also  used  for  moving 
these  bents.  The  moving  was  started  at  the  north  end,  where  there 
is  a  curve  in  the  track.  About  sixteen  sets  of  ratchets  (two  for  each 
pier  or  bent)  were  used.  These  ratchets  were  placed  on  sixteen  con- 
secutive piers.  Four  sets  at  a  time  were  worked  for  a  move  of  3  in., 
then  the  next  four,  and  so  on,  until  the  track  had  been  moved  3  in. 
at  all  sixteen  piers.  Then  another  move  was  made  at  all  piers,  except 
the  end  pier,  then  another,  leaving  the  track  at  the  two  end  piers  un- 
moved, and  so  on  until  the  track  had  been  moved  a  distance  varying 
from  3  in.  at  one  end  to  4  ft.  at  the  other,  which  was  in  the  curve  at  the 
north  end  of  the  entire  section,  where  the  move  was  taken  care  of  by 
making  the  curve  sharper.  After  this  initial  move  had  been  made,  the 
last  ratchet  was  moved  to  the  pier  ahead  of  the  first,  and  the  section 
in  hand  was  moved  another  3  in.,  then  another  ratchet  was  moved, 
and  another  3-in.  move  was  made,  and  so  on  until  the  entire  track 
was  moved  4  ft.,  except  at  the  southerly  sixteen  piers,  where  the  length 
of  the  move  varied  down  to  3  in. 
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Then,  two  more  4-ft.  moves  were  made  in  the  north  end,  in  a  sim- 
ilar manner,  bringing  the  track  in  final  position  past  the  143d  Street 
Station,  from  which  point  the  length  of  the  move  varied  down  to  3  in. 
at  138th  Street,  where  the  work  had  to  be  interrupted,  waiting  for 
the  completion  of  the  foundations.  When  these  were  completed,  the 
track  shifting  was  resumed,  and  the  remaining  part  was  finished  in 
the  same  manner.  The  rate  of  progress  was  about  4  ft.  for  a  length 
of  900  ft.  per  day. 

On  the  portion  of  the  line  on  which  the  south-bound  track  was 
moved,  there  were  three  stations  with  island  platforms.  To  maintain 
the  service  of  these  stations  while  the  track  was  being  moved,  it  was 
necessary  to  widen  the  platforms  to  conform  to  the  location  of  the 
track  at  each  stage  of  the  shifting.  Extension  platforms  were  provided, 
therefore,  in  the  following  manner.  Between  the  wooden  joists  of 
the  platform  were  placed  loose  additional  joists  resting  on  top  of  the 
platform  stringers.  At  the  end,  where  the  platform  was  to  be  extended, 
these  joists  were  connected  to  uprights  supported  on  the  track  ties. 
This  work  could  be  done  without  interfering  with  the  trains.  As  the 
track  structure  was  moved  away  from  the  platforms,  the  joists  were 
pulled  out  with  the  ties  and  planked  over  immediately. 

The  length  of  the  track  in  its  new  position  was  about  1  ft.  less 
than  in  its  original  position.  It  was  necessary,  therefore,  to  offset 
the  ends  of  the  track  stringers  in  two  adjacent  spans  at  a  number 
of  places,  so  as  to  permit  the  girders  to  slide  past  each  other.  To  take 
up  the  shortening  of  the  rails,  two  expansion  rail  joints  were  intro- 
duced in  the  track. 

The  steel  for  the  new  structure  was  erected  with  a  traveler,  starting 
at  the  north  end  of  the  section.  The  material  was  usually  trucked  to 
the  intersecting  streets,  where  it  was  unloaded  and  moved  on  rollers 
into  the  right  of  way,  where  the  traveler  picked  it  up. 

Steel  Erection. — Section  No.  6-C. — The  erection  work  on  this  sec- 
tion, which  included  the  Third  Avenue  Line  from  147th  Street  to 
Fordham  Eoad,  comprised  generally  the  replacement  of  existing 
columns  with  new  ones,  the  erection  of  center-track  stringers,  and  the 
remodeling  of  the  structure  at  the  stations. 

Altogether,  699  columns  were  replaced  on  this  section.  "Wliile  the 
work  was  being  done,  the  cross-girders  were  shored,  as  shown  by  Fig. 
122.    Prior  to  placing  the  shoring,  the  rivets  connecting  the  columns  to 


Fig.  120. — Shifting  Apparatus  on  Pier  75. 


Fig.   121. — Shifting  Apparatus  on  Bent  73. 
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the  cross-girder  were  cut  out,  and  new  stiffeners  were  provided  on 
the  cross-girder.  The  shoring  was  then  placed,  and  the  cross-girder 
was  jacked  up  sufficiently  to  transfer  the  load  to  the  shoring  and  to 
get  room  to  remove  the  old  column  and  place  the  new  one. 

SHORING   OF  CROSS-GIRDERS 


SIDE  VIEW  AT  TYPICAL  CROSS-GIRDER  END  VIEW  OF  BENT 

FIG.    122. 

In  conjunction  with  the  placing  of  the  new  columns,  the  work  of 
raising  the  entire  structure  was  carried  out  at  stations,  where  the 
new  arrangement  provided  a  mezzanine  station  below  the  track  struc- 
ture. Generally,  the  head-room  under  the  structure  was  not  sufficient 
for  the  mezzanine,  and,  in  some  cases,  the  structure  had  to  be  raised 
19  in.  The  work  was  done  by  first  placing  the  shoring  previously 
described  for  replacing  the  columns  under  all  the  cross-girders  to  be 
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raised  at  a  station:  then  the  rivets  in  the  end-connection  angles  of  the 
track  stringers  were  cut  out  and  rephiced  by  bolts,  and  an  additional 
bearing  for  the  stringers  was  provided  by  wedging  oak  blocks  between 
the  bottom  flanges  of  the  stringers  and  the  cross-girders.  At  the  same 
time,  the  old  columns  were  cut  loose  from  their  cast-iron  bases.  The 
structure  was  then  jacked  up  2  in.  at  a  time,  and  the  raising  of  the 
structure  was  followed  up  by  blocking  and  wedges  on  the  shoring,  as 
well  as  between  the  bottom  of  the  columns  and  their  cast-iron  bases, 
so  as  to  provide  double  security  against  possible  settlement  during  the 
jacking  operations. 

Prior  to  the  erection  of  the  new  center-track  stringers,  the  new 
seats  supporting  these  stringers  were  erected  from  scaffolds  hung  from 
the  structure.  The  stringers  were  erected  with  a  traveler  between  the 
south  end  of  the  section  and  lT6th  Street.  North  of  this  point  the 
derrick-car,  which,  up  to  this  time,  had  been  used  on  other  sections, 
was  used  to  erect  the  stringers.  The  traveler  started  at  the  south  end 
of  the  work  and  moved  north. 

The  girders  erected  by  the  derrick-car  were  trucked  to  Westchester 
Avenue,  just  east  of  Third  Avenue,  through  which  street  there  is  an 
elevated  railway  connection  between  the  Third  Avenue  Line  and  the 
elevated  portion  of  the  existing  subway  line.  As  this  connecting  line 
is  not  used  for  traffic  between  9  a.  :m.  and  4  v.  >[.,  the  hoisting  of  the 
girders  from  the  street  to  the  structiu-e  could  be  done  there  with- 
out interference  with  traffic.  The  method  of  procedure  was  as  follows : 
The  train,  consisting  of  the  derrick-car,  a  flatcar.  and  a  motor-car, 
was  run  in  on  this  connecting  branch,  and  two  girders  were  hoisted 
and  placed  on  the  flatcar.  The  train  then  proceeded  north  on  the 
Third  Avenue  Line  immediately  behind  a  passenger  train.  When  it 
arrived  at  the  point  where  the  girders  were  to  be  erected,  the  derrick- 
car  was  blocked  and  guyed,  and  one  of  the  girders  was  erected.  If 
there  was  time  to  erect  the  other  girder  without  holding  up  the  next 
train  behind,  it  was  done,  otherwise  the  derrick-car  train  was  started 
after  erecting  the  first  girder,  proceeded  to  a  cross-over,  returned  on 
the  south-bound  track  and  erected  the  second  girder.  In  either  case, 
the  train  returned  on  the  south-bound  track  to  the  branch  in  West- 
chester Avenue  for  a  new  load.  Fig.  123  shows  the  hoisting  of  the 
stringers  at  Westchester  Avenue.  It  was  found  that  the  cost  of  erect- 
ing the  steel  with  the  traveler  was  nearly  50%  higher  than  with  the 


Fig.    123. —  Erecting  Steel  with  Derrick  Car. 


Fig.   124. — Structure  in  Greenwich  Street. 
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derrick-car,  and  that  the  work  could  proceed  nearly  twice  as  fast  with 
the  latter. 

The  stations  at  149th  Street,  ITTth  Street,  and  Fordham  Road  were 
reconstructed  as  express  stations.  Prior  to  the  reconstruction  work 
each  had  a  center  platform  with  two  adjacent  tracks,  and,  in  addition, 
the  station  at  149th  Street  had  a  side  platform  on  the  east  side  of  the 
east  track,  used  for  unloading  the  trains.  The  new  express  stations 
were  constructed  with  two  island  platforms,  with  the  center  track 
between  the  platforms.  In  order  to  maintain  the  traffic,  the  work  was 
carried  out  in  the  following  manner:  First,  the  new  extensions  to  the 
cross-girders  and  the  new  outside  track  stringers  were  erected  and  the 
new  tracks  laid  on  top  of  these  stringers.  At  149tli  Street,  where  there 
was  a  platform  on  the  east  side  of  the  structure,  all  this  work  had 
to  be  done  under  the  platform  without  interfering  with  its  use.  The 
next  thing  to  do  was  to  extend  the  center  platform  over  the  existing 
running  tracks,  so  as  to  be  able  to  transfer  the  traffic  from  those  tracks 
to  the  new  ones.  This  was  accomplished  by  building  temporary  plat- 
forms of  the  proper  width  on  top  of  the  new  outside  tracks,  which, 
when  completed,  could  be  shifted  over  on  top  of  the  old  tracks  adjacent 
to  the  existing  center  platform,  thus  forming  a  new  center  platform 
of  more  than  twice  the  width  of  the  old  one.  The  platforms  were 
shifted,  one  at  a  time,  during  the  early  morning  hours,  when  the 
traffic  was  so  light  that  trains  could  run  on  a  single  track  past  the 
station,  and  was  generally  completed  in  about  1  hour. 

All  other  stations  between  149th  Street  and  Fordham  Road  were 
local  stations,  but,  as  they  had  center  platforms  (with  the  exception 
of  the  station  at  180th  Street)  which  were  in  the  way  of  the  new  center 
track,  they  were  all  reconstructed  so  as  to  provide  side  platforms  to 
take  the  place  of  the  existing  center  platforms.  The  cross-girders 
were  extended,  the  extensions  being  erected  with  gin-poles,  although 
the  new  platform  girders  were  generally  erected  with  the  derrick-car. 

Steel  Erection. — Section  No.  7. — The  work  on  this  section  consisted 
of  the  reconstruction  of  the  stations  of  the  Ninth  Avenue  Line  at  66th, 
]16th,  125th,  and  145th  Streets  for  express  service. 

The  first  station  to  be  reconstructed  was  that  at  116th  Street.  The 
additional  column  bracing  was  erected  by  placing  light  scaffolding 
around  the  columns  and  reinforcing  the  cross-trusses  from  hanging 
scaffolds.     When  this  was  completed,  the  erection  of  the  new  outside 
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track  stringers  was  commenced.  As  the  structure  at  this  point  is 
very  higli,  and  as  a  large  number  of  stringers  had  to  be  erected,  the 
usual  method  of  erecting  with  gin-poles  could  not  be  used  satisfac- 
torily, and  a  derrick-car  was  built  especially  for  the  purpose.  This 
car  proved  so  useful  that  it  was  afterward  used  to  erect  steelwork  at 
other  points  where  conditions  were  favorable. 

'J'he  new  stringers  were  trucked  to  points  in  the  street  north  of  the 
station  where  the  handling  did  not  interfere  with  traffic  in  the  street. 
The  derrick-car,  standing  on  the  center  track,  which  was  not  used  for 
traffic,  hoisted  the  girders,  one  at  a  time,  through  the  space  between 
the  center  and  the  south-bound  tracks,  placing  them  on  the  flatcar 
in  front  of  it.  When  a  girder  was  loaded  on  the  flatcar,  the  construc- 
tion train  ran  in  on  the  running  track  immediately  behind  a  pas- 
senger train,  to  the  point  where  the  girder  was  to  be  placed.  The 
derrick-car  was  then  blocked  and  guyed,  the  girder  was  placed,  and 
the  derrick-car  continued  south  and  took  the  cross-over  to  the  center 
track,  leaving  the  running  track  clear.  The  interval  between  the 
running  trains  was  3  min.,  and  the  work  of  placing  the  track  stringers 
was  completed  so  rapidly,  that  generally  no  delay  was  caused  to  pas- 
senger traffic.  After  having  arrived  on  the  center  track  south  of  the 
station,  the  train  returned  on  the  north-bound  track  to  the  center  track 
north  of  the  station,  where  another  girder  was  picked  up,  and  this 
continued  until  all  the  girders  on  the  west  side  were  erected.  The 
girders  on  the  east  side  of  the  structure  were  erected  in  a  similar 
manner,  except  that  the  work  train  was  loaded  at  the  point  and  then 
ran  directly  over  the  south-bound  track  to  the  center  track  south  of 
the  station,  and  there  awaited  a  favorable  time  to  run  in  on  the  north- 
bound track  to  place  the  track  stringers. 

The  new  north-bound  track  in  front  of  the  north  platform  was  then 
laid  and  comiected  to  the  existing  local  track,  and  the  existing  north 
platform  was  closed  to  traffic  temporarily  until  the  reconstruction  of 
the  platform  was  completed.  The  new  north-bound  track  was  supported 
on  the  new  line  of  track  stringers  and  the  former  outside  track  stringers 
of  the  abandoned  local  track.  The  inside  track  stringers,  whicli  no 
longer  carried  any  load,  were  disconnected  from  the  outside  stringers, 
and  those  in  front  of  the  old  platform  were  used  for  track  stringers 
on  the  west  side  of  the  structure;  the  remaining  ones  were  moved 
and   used   as   platform    stringers    for   the   extension   of  the   platforms. 
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In  the  meantime,  the  platform  had  been  repaired  and  braced,  and 
was  then  shifted  bodily  eastward  to  its  new  position.  The  shifting 
of  the  platform  was  done  with  jacks  and  steamboat  ratchets.  The 
track  stringers  removed  from  the  east  side  were  then  placed  to  carry 
the  east  rail  of  the  new  center  track,  the  west  rail  being  carried  by  the 
existing  east  stringer  of  the  old  south-bound  track.  The  center  track 
past  the  platform  was  then  laid,  and  temporary  connections  were  made 
at  both  ends  so  that  this  track  could  be  used  for  south-bound  local 
service.  Traffic  was  then  transferred  from  the  south  platform  to  the 
new  north  platform,  and  the  construction  operation  repeated.  When 
this  work  had  been  completed,  all  the  permanent  track  connections 
were  made  and  both  platforms  were  used,  the  north  platform  for 
north-bound  traffic  and  the  south  platform  for  the  south-bound  traffic. 
The  new  mezzanine  station  was  constructed  in  conjunction  with  the 
work  on  the  track  level. 

The  work  on  the  station  at  125th  Street,  in  all  general  details,  was 
similar  to  that  at  the  116th  Street  Station,  the  main  difference  being 
that  the  existing  station  buildings  at  the  ends  of  the  platforms  were 
retained,  instead  of  constructing  a  new  mezzanine  station  under  the 
structure,  and  that  the  cross-girders  had  to  be  provided  with  short 
extensions  at  each  end  to  make  them  long  enough  to  support  the 
new  lines  of  outside  track  stringers. 

The  stations  at  66th  and  145th  Streets  were  of  the  hump  type,  and 
were  erected  in  a  manner  similar  to  other  hump  stations.  At  66th 
Street  all  work  that  could  be  carried  out  without  interference  with 
the  center  track  was  first  completed,  and  the  reconstruction  of  the 
center  track  was  delayed,  in  order  to  have  it  carried  out  simultane- 
ously with  that  of  the  center  track  at  other  points  south  of  this  sta- 
tion, so  as  to  make  the  interference  with  the  existing  express  service 
as  small  as  possible.  When  the  reconstruction  was  commenced,  it 
was  carried  out  and  completed  with  an  interruption  of  the  express 
train  service  of  only  2  weeks.  The  derrick-car  was  used  to  erect  the 
towers  supporting  the  new  elevated  center  track,  and  a  traveler  erected 
the  remainder  of  the  structure.  Two  working  shifts  were  used  for  a 
short  time.  The  men  commenced  work  at  3.30  A.  :^^.  and  stopped  at 
8.20  p.  ii.,  in  order  to  insure  its  completion  within  the  prescribed  time. 

Steel  Erection. — Section  No.  8- A. — Section  No.  8- A  extended  in 
Greenwich  Street  from  south  of  Cortlandt  Street  to  9th  Street,  and  the 
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erection  work  consisted  mainly  of  adding  new  cross-girders  and  center- 
track  stringers  to  the  existing  structure.  Fig.  124  shows  a  portion  of 
the  existing  structure  immediately  after  the  erection  of  the  new  cross- 
girders  and  center-track  stringers.  It  shows  the  shoring  of  the  outside 
track  stringers,  which  consisted  of  four-post  framed  towers  built  around 
the  existing  columns,  where  the  columns  were  not  removed,  and  of  two 
similar  towers,  one  at  each  side  of  the  existing  column,  where  the 
columns  were  replaced  with  new  ones.  The  cokmms  were  generally 
removed  at  the  new  express  stations,  where  the  additional  load  of  the 
express  platform  required  heavier  ones,  and  also  where  the  existing 
columns  were  of  the  type  shown  to  the  left  on  Fig.  124.  This,  which 
was  the  original  type  of  columns  used  on  the  elevated  lines,  consisted 
of  four  6-in.  I-beams  tied  together  at  intervals.  The  base  of  the 
column  was  an  iron  casting,  into  which  the  I-beams  of  the  columns 
fitted  and  were  held  by  rust  caulking.  Fig.  124  shows  the  base  casting 
and  a  part  of  the  column  shaft,  which  was  burnt  in  two  to  facilitate 
removal ;  it  also  shows  the  original  track  stringers  on  the  west  side 
of  the  structure,  which  were  only  about  24  in.  deep,  and,  in  the  course 
of  time,  had  been  reinforced  with  another  set  of  24-in.  stringers, 
placed  directly  on  top  of  the  original  girders.  These  track  stringers 
were  removed  after  the  center  track  was  completed,  the  south-bound 
traffic  being  diverted  temporarily  to  the  center  track. 

At  the  stations  which  were  converted  for  express  service,  the  north- 
bound platforms  and  track  were  shifted  a  few  feet  east  to  make  room 
for  the  additional  track  and  platform.  This  was  accomplished  by  sup- 
porting the  ends  of  the  track  stringers  to  be  moved  on  six-post  shoring 
towers,  wide  enough  to  carry  the  stringers  both  in  the  original  and 
the  new  position.  As  most  of  the  cross-bents  were  on  a  skew,  it  was 
generally  necessary  either  to  cut  off  a  portion  of  the  track  stringers 
moved  or  to  lengthen  them.  In  all  cases  the  ends  of  the  stringers  were 
remodeled  to  connect  to  the  new  cross-girders  or  to  the  existing  cross- 
girders  in  their  new  position. 

The  erection  of  the  new  cross-girder  and  track  stringers  was  done 
with  two  travelers,  one  starting  at  the  north  end  and  the  other  at  the 
south  end  of  the  section. 

Steel  Erection. — Sections  Nos.  8-B  and  8-C. — Section  No.  8-B 
comprised  the  construction  of  the  hump  stations  at  14th  and  34th  Streets 
on  the  Ninth  Avenue  Line,  and  Section  No.  8-C  comprised  the  elimina- 
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tion  of  the  express  track  grade  crossing  at  53d  Street,  where  the  local 
tracks  of  the  Sixth  Avenue  Line  connect  with  those  of  the  Ninth 
Avenue  Line.  The  erection  of  the  steel  for  the  hump  stations  was 
carried  out  in  a  similar  manner  to  that  described,  and  needs  no  further 
comment. 

At  53d  Street  the  approaches  were  erected  in  a  similar  manner  to 
the  hump  stations,  but  the  approaches  were  longer,  because  the  head- 
room required  under  the  new  structure  at  53d  Street,  where  the  south- 
bound Sixth  Avenue  track  crosses  under  the  new  structure  for  the 
express  track,  necessitated  a  greater  height  of  the  express  track  over 
the  local  tracks  than  that  required  at  the  hump  stations.  On  account 
of  the  crossings  at  53d  Street,  the  span  length  there  had  to  be  made 
about  99  ft.,  and  the  over-head  track  was  carried  on  a  through-bridge 
construction.  The  erection  of  the  new  structure  was  done  with  a  der- 
rick which,  however,  was  not  sufficiently  strong  to  erect  the  through- 
bridge  girders.  Another  and  heavier  derrick,  therefore,  was  erected  in 
the  street  at  the  west  side  of  the  structui*e,  and  was  supported  on  towers 
in  order  to  bring  it  to  the  level  of  the  structure.  Fig.  126  shows  one 
of  the  girders  in  course  of  erection.  The  traffic  on  the  lines  was  inter- 
rupted during  the  erection  for  a  period  of  about  18  min.  for  each 
girder.  After  this  span  was  erected,  the  large  derrick  was  used  to 
lift  the  traveler  which  erected  the  remainder  of  the  work  across  the 
through  span,  which  was  too  narrow  for  the  traveler  to  pass  through. 

As  stated  when  describing  the  erection  of  the  66th  Street  Station, 
Section  No.  7,  this  station  and  the  work  under  Sections  Nos.  8-B  and 
8-C  were  carried  out  and  completed  at  the  same  time,  so  as  not  to 
interfere  with  the  express  traffic  more  than  necessary.  This  work, 
which  involved  the  erection  of  3  000  tons  of  steel  and  the  removal  or 
relaying  of  7  000  ft.  of  track,  was  accomplished  in  2  weeks. 

Steel  Erection. — Section  No.  10-B. — Section  No.  10-B  comprised 
the  reconstruction  of  the  station  at  155th  Street  and  Eighth  Avenue  to 
serve  the  new  express  track,  and  the  connection  to  the  new  rapid  transit 
line  in  Jerome  Avenue. 

The  erection  problem  was  essentially  one  of  maintaining  traffic 
during  the  work.  The  method  of  doing  this  was  worked  out  in  advance, 
as  shown  on  Plate  XVIII,  and  was  followed  throughout,  as  far  as  it  was 
completed,  by  the  contractors.  The  final  stages  of  the  work  were  not 
completed  by  the  contractors,  as  the  east  platform  could  not  be  built 
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before  the  Putnam  Division  of  the  N^ew  York  Central  Railroad  vacated 
the  space  the  ])latform  was  to  occupy,  and  this  again  was  dependent 
on  other  work  on  the  connection,  which  was  in  progress. 

Plate  XVIII  shows  the  different  stages  of  the  work.  Stage  No.  1  in- 
dicates the  existing  layout  of  the  platform  and  track  previous  to  recon- 
struction, to  which  were  added  a  number  of  temporary  cross-overs  to 
divert  the  traffic  from  the  tracks  under  reconstruction.  During  this 
stage,  the  cross-girder  extensions  and  as  many  of  the  new  outside  track 
stringers  south  of  the  station  as  could  be  placed  without  interfering 
with  traffic  on  the  running  tracks  were  erected,  and  a  new  temporary 
signal  tower  was  built  at  152d  Street  to  take  the  place  of  the  existing 
t©wer  at  the  south  end  of  the  then  existing  west  platform.  This  new 
signal  tower  was  supported  on  timber  bents  from  the  street  level.  The 
track  was  laid  as  far  as  possible  on  the  new  track  stringers  south  of 
the  station,  and,  at  the  same  ^'me,  the  existing  passageway  from  the 
west  platform  to  the  entrance  to  the  Polo  Grounds  was  removed.  In 
the  second  stage,  the  newly  Ipid  portions  of  the  tracks  south  of  the 
station  (marked  No.  1  and  No.  4)  were  connected  to  the  old  tracks, 
and  the  corresponding  portions  of  the  old  tracks  were  abandoned. 
Such  track  connections  were  made  without  interruption  of  traffic, 
as  they  were  generally  completed  in  about  6  min.  The  existing 
center  track,  including  the  track  stringers  between  153d  and  154th 
Streets,  was  then  shifted  west  to  its  new  permanent  position  (marked 
Track  No.  2),  and  a  new  temporary  platform  was  built  between  Tracks 
Nos.  2  and  4,  connecting  to  the  old  east  platform  with  a  bridge  over  the 
running  track.  Fig.  127  shows  the  new  platform  and  bridge  in  course 
of  construction.  At  the  same  time  the  new  columns  and  cross-girder 
extensions  on  the  west  side  of  the  structure  north  of  the  old  station 
were  erected,  and  the  new  track  (Track  No.  1)  on  this  portion  was  laid. 

During  the  next  stage  (Stage  No.  3)  the  new  temporary  platform 
was  used  in  place. of  the  old  west  platform,  which  was  abandoned  for 
passenger  service,  as  well  as  the  portion  of  the  old  west  track  in  front 
of  the  platform,  and  this  permitted  the  completion  of  Track  No.  1 
past  this  platform.  During  this  stage,  also,  the  new  track  stringers  in 
the  northerly  stretch,  for  the  new  west  track  (marked  Yard  Track), 
were  placed. 

The  remainder  of  the  track  stringers  for  this  track  were  placed 
during   the   fourth   stage,   because   they   were   old   stringers,   formerly 


Fig.  127. — Station  on  Eighth  Avenue  at  155th  Street.     Temporary  Platform. 


Fig.  128. — Station  on  Eighth  Avenue  at  155th  Street  Before  Reconstruction. 
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used  under  the  old  west  track,  which,  at  this  stage,  was  abandoned 
and  replaced  for  traffic  by  the  new  Track  No.  1.  The  new  island 
platform  (Platform  No.  1)  was  then  built,  and  also  as  much  as  possible 
of  the  new  mezzanine  stations  at  the  north  and  south  ends  of  this 
platform. 

At  the  same  time,  Track  No.  2,  in  front  of  the  old  station,  was 
raised  to  its  new  level  and  connected  with  a  temporary  cross-over  to 
Track  No.  1,  south  of  the  new  island  platform. 

During  the  next  or  fifth  stage,  the  temporary  platform  south  of 
155th  Street  only  was  used  for  passenger  traffic,  and  the  two  new 
tracks  on  the  west  side  of  the  street  (Track  No.  1  and  Yard  Track), 
north  of  155th  Street,  were  used  for  connection  to  the  yard  at  159th 
Street.  Track  No.  2,  north  of  155th  Street,  was  built  to  proper  grade, 
and  part  of  the  upper  station  at  155th  Street  was  constructed. 

In  the  sixth  stage,  the  new  Platform  No.  1  and  the  mezzanine  sta- 
tions were  opened  for  traffic,  and  the  temporary  platform  was  aban- 
doned, making  room  for  the  completion  of  the  work  south  of  155th 
Street.  The  last  stage  can  be  completed  without  interfering  with 
traffic,  when  the  east  side  of  the  structure  is  abandoned  by  the  Putnam 
Division. 

Fig.  128  shows  the  original  layout  north  of  155th  Street.  On  the 
left  side  is  shown  the  north  end  of  the  west  platform  and  the  passage- 
way to  the  Polo  Grounds;  on  the  east  side  is  shown  the  Putnam  Divi- 
sion tracks  and  platform.  Fig.  129  shows  the  same  view  after  the 
passageway  had  been  removed  and  a  platform  of  the  new  steel  on  the 
west  side  of  the  structure  had  been  erected.  It  shows  the  new  track 
girders  raised  above  the  level  of  the  existing  tracks,  which  was  done 
in  order  to  obtain  the  necessary  head-room  for  the  mezzanine  stations. 
Fig.  130  shows  the  new  platform  and  upper  mezzanine  station  com- 
pleted for  operation. 

The  complete  reconstruction,  as  outlined,  had  to  be  carried  out 
during  the  period  between  baseball  seasons,  as  all  the  Major  League 
games  in  New  York  City  were  played  on  the  Polo  Grounds,  and  by 
far  the  greater  portion  of  the  spectators  at  these  games  are  handled 
through  this  station.  The  baseball  season  closed  on  October  20th, 
1914,  and  the  next  season  opened  on  April  13th,  1915.  The  recon- 
struction work  started  immediately  after  the  close  of  the  season,  and 
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was  completed  by  April   1st,   1915,  but  only  by  intense  application 
throughout  the  whole  period. 

After  this  work  was  completed,  the  new  over-grade  express  track 
between  150th  and  155th  Streets  was  erected  with  a  traveler,  starting 
at  the  south  end  of  the  incline. 

Stations. 

When  passengers  arrive  at  a  station  to  take  a  train,  they  generally 
come  singly  or  in  small  parties,  and  no  delay  is  caused  by  passing 
through  the  station  building  to  the  platform.  Wlien,  on  the  other 
hand,  passengers  are  discharged  from  a  train  at  a  station,  they  are 
all  ready  to  leave  the  platform  at  the  same  time,  and,  therefore,  the 
exits  to  the  street  should  be  made  as  direct  as  possible.  The  stations 
remodeled  or  rebuilt  under  the  "Manhattan  Elevated  Improvements" 
were  designed  with  this  principle  in  view.  The  exits  were  generally 
arranged  to  be  as  direct  as  possible,  without  any  doors  to  obstruct 
the  traffic. 

Fig.  131  shows  a  diagram  of  the  mezzanine  station  at  Canal  Street 
and  the  Bowery  on  the  Third  Avenue  Line.  From  the  four  stairs  con- 
necting the  mezzanine  station  to  the  street  are  passages  leading  to 
the  ticket  office  and  from  there  past  the  ticket  boxes  to  the  stairs  lead- 
ing to  the  platforms.  The  stairs  which  connect  the  mezzanine  station 
with  the  platforms  are  used  both  for  access  to  and  exit  from  the 
platforms,  as  it  is  practically  impossible  to  prevent  passengers  from 
using  the  stairs  most  convenient  to  them.  Passengers  leaving  the 
platforms  descend  the  stairs  to  the  mezzanine  station,  and  leave  through 
the  exit  openings  without  interfering  with  the  passengers  coming  in 
past  the  ticket  booth.  The  mezzanine  station  is  provided  with  toilet 
rooms,  and  only  these  and  the  ticket  office  are  heated,  as  it  would 
otherwise  be  necessary  to  provide  doors,  which  would  interfere  with 
the  progress  of  the  passengers. 

Fig.  132  is  a  plan  of  the  mezzanine  station  at  125th  Street  on  the 
Second  Avenue  Line.  The  general  plan  of  this  station  is  the  same 
as  that  described,  but,  as  traffic  at  this  point  is  not  so  congested,  the 
waiting-room  is  enclosed  and  heated.  The  exit  is  arranged  direct, 
as  at  the  Canal  Street  Station.  It  will  be  noted  in  both  cases  that  all 
the  toilet  fixtures  are  backed  against  the  walls  of  the  heater  rooms. 
This  is  done  partly  to  keep  the  fixtures  from  freezing,  but  mainly  to 


Pig.  129. — Station  on  Eighth  Avenue  at  155th  Street  During  Reconstruction. 


Fig.  130.^ — Station  on  Eighth  Avenue  at  155th  Street  After  Reconstruction. 
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keep  the  pipes  away  from  the  toilet-rooms,  so  that  they  can  be  inspected 
and  repaired  without  working  in  the  toilet-rooms  and  also  to  prevent 
them  from  being  destroyed  by  vandals.  In  fact,  all  the  toilet  fixtures 
are  arranged  so  that  nothing  can  by  any  ordinary  means  be  broken 
or    unscrewed    and    taken    away;    the    flush-tanks,    for    example,    are 


GENERAL  PLAN 

CANAL  STREET  STATION. 

THIRD  AVENUE  LINE. 


Fig.  131 


FLOOR  PLAN  OF  STATION 


worked   by   push-buttons   set   into   and   fastened   at   the   back   of   the 
partitions. 

The  station  at  155th  Street  and  Eighth  Avenue,  on  the  Ninth 
Avenue  Line,  is  provided  with  two  station  buildings  at  the  south  end 
of  the  platforms  and  with  one  at  the  north  end.  At  the  south  end, 
one   station   building   is   below   the  track   structure,   and   serves    pas- 
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sengers  from  Eighth  Avenue;  the  other  station  building  is  above  the 
track  structure,  and  is  connected  with  the  viaduct  forming  the 
approach  to  the  McCombs  Dam  Bridge  across  the  Harlem  River.  The 
station  at  the  north  end  of  the  platform  is  a  mezzanine,  and  is  mainly 
provided  to  give  direct  access  to  the  baseball  park  at  the  Polo 
Grounds.  Fig.  133  shows  the  arrangement  of  this  mezzanine  station, 
which  was  built  to  handle  a  large  number  of  incoming  passengers  at 
the  same  time.  The  main  floor  of  the  baseball  park  building  leading 
to  the  grand-stands  is  at  the  same  level  as  the  mezzanine  station  and 
connected  directly  by  a  wide  passage,  on  which  a  large  number  of 
ticket  sellers  and  ticket  choppers  can  be  placed.  The  stairs  leading 
from  the  mezzanine  station  to  the  platforms  are  as  wide  as  the  width 
of  the  platforms  and  the  track  layout  would  permit.  During  the  last 
season,  when  only  the  west  platform  was  constructed,  the  traffic  was 
handled  without  serious  congestion,  and  when  both  platforms  are 
completed,  the  facilities  will  be  doubled. 

Plate  XIX  shows  a  typical  arrangement  of  a  "hump"  station.  The 
existing  station  buildings  contained  all  the  necessary  facilities,  and 
no  addition  was  made  to  them.  A  passenger  entering  the  station 
would,  after  buying  and  depositing  his  ticket,  pass  out  on  the  existing 
local  platform.  If  he  desired  to  take  a  train  on  the  upper  level,  he 
would  ascend  the  stairs  leading  to  the  upper  platforms.  These  stairs 
are  placed  in  such  a  manner  that  they  are  close  to  the  exits  and,  there- 
fore, give  direct  access  to  the  street. 

The  platform  construction  consists  of  platform  girders  on  top  of 
Vv'hich  are  placed  I-beams,  carrying  the  wooden  floor-joists.  Gener- 
ally, the  floor-joists  were  set  on  top  of  the  I-beams,  but  when  it  was 
necessary  to  make  the  floor  construction  shallow,  these  joists  were 
framed  into  the  I-beams  and  supported  on  angles  riveted  to  the  web  of 
the  latter.  The  floor  of  the  platforms  consisted  of  2  by  6-in.  planks 
laid  transversely  to  the  length  of  the  platform.  As  the  lumber  used 
for  the  planks  was  not  well  seasoned,  the  planks  were  laid  with  close 
joints.  After  they  had  been  in  place  for  some  time  and  dried  out,  the 
joints  opened  about  i  in.  The  platforms  were  covered  with  canopies 
for  either  part  of  their  length  or  their  full  length,  according  to  the 
traffic  conditions  and  the  location  of  the  station  buildings.  The 
canopies  were  supported  by  posts.  On  side  platforms  usually  two 
rows  of  posts  were  used,  one  being  at  the  back  of  the  platform  and 
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incorporated  in  the  railing.  The  other  row  of  columns  was  placed 
within  a  few  feet  of  the  front  edge  of  the  platform,  far  enough  from 
the  edge  to  make  it  safe  to  walk  between  the  post  and  a  train  pulling 
in  at  the  platform.  On  the  center  platforms,  the  canopy  was  usually 
supported  by  a  single  row  of  cokmms,  set  in  the  center  so  as  to  leave 
the  platform  as  clear  of  obstructions  as  possible.  The  canopy  was 
covered  with  tinned  iron,  laid  on  tongued  and  grooved  boards. 

The  portion  of  the  side  platforms  covered  by  canopies  was  usually 
protected  with  wind  shields  at  the  back  of  the  platform.  The  wind 
shields  were  provided  with  detachable  sash,  so  that  the  sash  could 
be  removed  in  the  summer  or  when  being  cleaned. 

The  new  station  buildings  were  generally  covered  on  the  outside 
with  sheet  iron  and  painted,  but,  in  some  cases,  on  the  down-town 
stations,  copper  was  used.  The  inside  woodwork  trim  was  usually 
comb-grained  yellow  pine,  producing  a  very  pleasing  effect. 

Track  Work. 

Throughout  the  reconstruction  work  the  standard  Manhattan  Eail- 
way  track  construction  (Fig.  134)  was  used.  The  specifications  for 
track  timber  were  as  follows : 

"1. — The  timber  to  be  of  long-leaved,  first-growth,  Florida,  Georgia, 
or  Alabama  yellow  pine,  straight,  square-edged,  free  from  shakes,  loose, 
large,  or  rotten  knots,  and  every  other  material  imperfection,  planed 
on  all  sides,  and  of  the  full  schedule  dimensions  after  planing. 

"2. — In  no  case  will  any  stick  be  accepted  with  less  than  three 
heart  corners,  or  with  more  than  1  in.  of  sap  on  the  fourth  corner, 
or  more  than  2  J  in.  of  sap  on  either  side  at  either  end  of  the  stick. 

"3. — The  timber  to  be  delivered,  as  required  by  this  Company,  under 
the  foregoing  requirements,  irrespective  of  trade  usage  or  conven- 
tional specifications,  and  to  be  subject  to  the  inspection  and  accept- 
ance or  rejection  of  the  Company's  authorized  inspector." 

The  standard  ties  are  6  by  8  in.  in  cross-section,  full  dimensions, 
and  are  S  ft.  long.  For  the  outside  tracks,  where  a  footwalk  is  required, 
every  third  tie  is  12  ft.  long  and  carries  the  footwalk.  The  standard 
spacing  of  the  ties  is  18  in.  from  center  to  center.  The  ties  are 
fastened  to  the  flanges  of  the  track  stringers  with  hook-bolts.  The 
outside  footwalk,  laid  on  the  12-ft.  ties,  consists  of  five  pieces  of 
slatting,  2  by  6  in.,  full  dimensions.  Where  there  is  a  center  track, 
the  spaces  between  this  track  and  the  outside  tracks  are  bridged  over 
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with  standard  ties,  4  ft.  6  in.  from  center  to  center,  and  provided  with 
footwalks  consisting  of  four  pieces  of  slatting.  The  outside  tracks 
are  provided  with  four  guard-rails  of  6  by  8-in.  timber,  as  shown,  to 
prevent  a  train  from  falling  off  the  structure  in  case  of  derailment. 
The  standard  track  rails  weigh  90  lb.  per  yd.,  have  a  5-in.  base,  and  are 
5  in.  high.  On  curved  tracks  the  outer  rail  is  super-elevated  by  eleva- 
tion blocks,  as  shown  by  Fig.  134,  and  steel  guard  and  check  rails  are 
provided.  The  contact  rail,  which  weighs  100  lb.  per  yd.,  is  supported 
on  the  footwalk  ties.  The  outside  footwalks  are  protected  by  pipe 
railings  with  posts  4  ft.  6  in.  from  center  to  center. 

The  track-laying  could  generally  be  carried  out  without  interfer- 
ence with  the  traffic.  Where  track  was  replaced  under  trains  in  opera- 
tion, the  work  was  carried  out  by  the  Company's  Maintenance  of  Way 
Department,  which  was  accustomed  to  work  of  this  kind. 

Plant. 

Ya7-ds. — The  Company's  material  yard  at  128th  Street  and  the 
Harlem  River,  which,  with  the  additional  land  and  dock  front  leased 
for  the  use  of  the  "Manhattan  Elevated  Improvements,"  had  an  area 
of  about  50  000  sq.  ft.,  and  a  dock  frontage  on  the  Harlem  River  of 
about  700  ft.,  was  the  main  receiving  and  distribution  depot  for  mate- 
rial used  on  the  work.  Most  of  the  new  steelwork  for  the  up-town  sec- 
tions and  the  greater  part  of  all  rails,  ties,  and  other  track  material, 
and  also  most  of  the  scrap  material  from  the  structures  removed,  was 
handled  through  this  yard.  The  equipment  consisted  of  a  derrick  with 
a  capacity  of  10  tons,  which  was  used  for  unloading  steel  from  the 
lighters  and  loading  it  on  the  trucks,  and  a  traveling  derrick,  running 
on  rails  on  the  surface  of  the  yard,  which  was  used  mostly  to  handle 
the  track  timber.  An  existing  derrick  set  on  the  elevated  structure 
adjacent  to  the  yard  was  used  for  handling  the  track  material,  which 
was  distributed  mostly  with  work  trains.  The  steel  was  usually  trucked 
to  the  working  site  and  there  picked  up  by  the  traveler  erecting  the 
structure.  The  yard  was  further  furnished  with  a  saw-mill  and  with 
the  necessary  storerooms  and  offices  for  the  contractors  and  engineers. 

Another,  but  smaller,  material  yard,  on  the  Company's  property  at 
133d  Street,  adjacent  to  the  Third  Avenue  Line  structure,  was  fur- 
nished with  a  blacksmith  shop,  and  another  small  yard  down  town  was 
leased  for  the  storage  of  material,  in  order  to  avoid  congestion  in  the 
streets. 
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A  receiving  and  distribution  point  for  the  steelwork  to  be  erected  on 
tlie  down-town  sections  was  obtained  by  leasing  a  dock  front  and  stor- 
age space  at  Perry  Street  and  the  North  River,  and,  finally,  a  portion 
of  the  Company's  surface  yard  at  179th  Street  and  Third  Avenue 
was  used  as  a  storage  and  distribution  yard  for  material  used  on  Sec- 
tions Nos.  6-C  and  7. 

Compressors. — All  riveting,  drilling,  etc.,  was  done  by  compressed 
air,  three  stationary  and  thirteen  portable  compressors  being  used. 
The  stationary  compressors  were  Ingersoll-Eand,  driven  by  a  Nagle 
locomotive-type,  100-h.p.  boiler;  the  portable  compressors  were  Chicago 
Pneumatic  Tool  Company  or  Ingersoll-Rand  compressors,  with  a  capa- 
city of  300  cu.  ft.  of  free  air  per  min.  at  a  pressure  of  90  lb.,  driven 
by  50-h.p.  electric  motors,  taking  current  from  the  contact  rail  of  the 
existing  railways. 

Travelers. — Although  in  some  cases  the  erection  of  the  steel  struc- 
ture was  done  with  gin-poles  and  jinny  wink,  the  greater  part  of  the 
erection  was  done  with  travelers.  Figs.  109  and  125  show  the  two 
general  types  used.  When  the  width  of  the  structure  permitted  it,  the 
type  shown  by  Pig.  109  was  used.  It  spanned  over  two  tracks,  and 
was  either  supported  on  skids  or  on  wheels  running  on  a  temporary 
track.  When  the  working  space  was  confined  to  the  limits  of  the 
center  track,  the  traveler  was  made  narrow  enough  to  be  supported 
on  the  track  stringers  of  the  center  track  only,  as  shown  by  Fig.  125. 
The  safe  swing  of  the  boom  was  limited  in  this  case  to  the  space 
between  the  outside  running  track,  and  necessitated  picking  up  the 
steel  between  the  running  tracks.  In  order  to  prevent  lateral  swing- 
ing of  the  boom  beyond  the  safe  limits,  which  might  endanger  the 
stability  of  the  traveler  as  well  as  the  trains  on  the  running  tracks, 
wire  ropes  were  attached  half  way  up  to  the  boom  and  connected  to 
the  frame  of  the  traveler,  which  prevented  the  boom  from  swinging 
beyond  certain  limits.  The  hoists  of  the  traveler  were  generally  oper- 
ated by  electric  motors,  receiving  the  current  from  the  contact  rail 
of  the  railroad  track. 

Some  of  the  steelwork  w-as  erected  wnth  a  derrick-car  built  espe- 
cially for  the  purpose.  The  derrick  was  built  on  one  of  the  Company's 
standard  flatcars.  The  A-frame  was  made  so  that  it  could  be  folded 
down  on  the  derrick-car,  in  order  to  clear  overhead  obstructions  while 
being  transported  from  point  to  point.     While  being  thus  transported 
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the  boom  rested  on  another  flatcar  coupled  in  front  of  the  derrick-car, 
and  this  flatcar  was  also  used  to  transport  the  steel  to  the  point  of 
erection.  The  carrying  capacity  of  the  derrick-car  was  8  tons,  with 
the  boom  out  to  the  side  at  an  angle  of  45  degrees. 

Contractors  and  Cost. 

Selection  of  Contractors. — When  the  work  under  the  "Manhattan 
Elevated  Improvements"  was  finally  authorized  to  proceed,  it  was  the 
desire  of  the  Company  that  it  should  be  carried  out  and  completed 
speedily,  safely,  and  without  interference  with  the  service  of  its  trains. 
To  secure  these  conditions,  it  was  necessary  to  select  contractors  whose 
standing  and  experience  would  assure  the  success  of  the  work,  and,  in 
order  to  retain  their  services,  it  was  necessary  to  pay  them  for  their 
work  in  an  equitable  manner.  To  advertise  for  bids,  either  on  a  lump- 
sum or  unit-price  basis,  and  then  accept  the  lowest  bidder  would  be  a 
gamble,  as  far  as  the  selection  of  the  contractors  was  concerned,  and  the 
odds  would  be  in  favor  of  getting  inexperienced  contractors,  as  such 
men  are  not  always  able  to  foresee  and  provide  against  all  the  con- 
tingencies of  the  work.  Even  if  the  service  of  experienced  contractors 
were  secured,  for  instance,  by  accepting  bids  which  were  not  the  lowest, 
the  Company  would  not  have  the  freedom  to  select  when,  where,  and 
how,  the  work  should  be  carried  out,  so  as  to  suit  the  traffic  conditions 
on  the  railroads.  The  contractors  would  object  to  such  interference, 
and  properly  so,  as  it  would,  at  least  in  their  opinion,  decrease  the  effi- 
ciency of  their  work  and  the  size  of  their  expected  profits.  As  an 
example  of  how  the  traffic  conditions  determined  the  conditions  of  the 
work,  it  may  be  mentioned  that  the  station  at  155th  Street  and  Eighth 
Avenue  serves  the  Polo  Grounds,  where  the  Baseball  League  games  are 
played;  the  work  of  reconstructing  this  station  could  not  commence 
until  the  baseball  season  was  over,  and  had  to  be  completed  before  the 
next  season  started.  Another  example  is  the  carrying  out  of  the  work 
in  Ninth  Avenue;  there  used  to  be  on  the  Ninth  Avenue  line  a  partial 
express  service  as  far  south  as  14th  Street;  in  order  to  interfere  as 
little  as  possible  with  this  service,  the  Company  desired  that  the  inter- 
ruptions of  the  express  service  due  to  the  reconstruction  of  the  stations 
at  66th,  34th,  and  14th  Streets,  and  the  grade-crossing  elimination  at 
53d  Street,  should  be  simultaneous,  and  should  not  last  more  than  14 
days.     The  work  was  carried  out  as,  and  within  the  time,  described  by 
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the  Company,  but  not,  from  a  contractor's  point  of  view,  in  the  most 
profitable  manner.  Again,  when  the  three  spans  of  the  Harlem  River 
Bridge  were  placed,  it  was  ordered  that  the  work  should  be  done  on  a 
night  between  Saturday  and  Sunday  after  midnight,  at  which  time  the 
traffic  was  lightest;  as  the  work  depended  on  the  tide,  the  placing  had 
to  wait  until  a  Saturday  night  when  the  tide  was  favorable;  in  fact, 
throughout  the  construction,  the  traffic  conditions  were  the  determining 
factors  in  the  progress  of  the  work. 

The  desire  of  the  Company  to  have  the  work  completed  speedily  (the 
importance  of  which  is  shovsm  by  the  fact  that  the  number  of  pas- 
sengers carried  during  the  first  year  after  the  improvements  were  com- 
pleted and  in  operation  increased  more  than  13%  over  the  number 
carried  in  the  preceding  years,  during  several  of  which  the  number  had 
remained  nearly  constant)  necessitated  multiplications  of  the  plant, 
tools,  and  materials  for  falsework,  which  contractors  on  a  lump-sum  or 
unit-price  basis  would  be  extremely  unwilling  to  furnish,  on  account  of 
the  heavy  additional  cost. 

Finally,  the  desire  of  the  Company  to  carry  its  passengers  safely  dur- 
ing the  work  of  construction,  under  contracts  on  a  lump-sum  or  unit-price 
basis,  would  lead  to  endless  controversies  between  the  Company  and  the 
contractors,  as  to  what  constituted  safety,  both  as  to  temporary  supports 
and  as  to  methods  of  conducting  the  work,  while  it  was  properly  the 
intention  of  the  Company  to  be  the  sole  judge  in  the  matter  of  safety. 

The  Company,  therefore,  elected  to  choose  contractors  who  were 
known  to  it  to  possess  the  necessary  experience  to  carry  out  the 
work,  and  to  pay  them  the  actual  cost  of  the  work  plus  a  fixed  per- 
centage of  the  same  to  cover  the  use  of  their  plant  and  their  services. 
This  method  of  payment  was  the  only  equitable  one  that  could  be 
devised  for  a  construction  work  of  this  character. 

The  soundness  of  the  Company's  decision  is  shown  by  the  facts  that 
the  work  was  completed  in  23  months,  without  undue  delays  of  the  train 
service,  and  practically  without  injuring  a  passenger,  although  more 
than  600  000  000  passengers  were  transported  on  2  000  000  trains  over 
the  lines  under  construction. 

The  work  was  performed  under  a  contract,  dated  February  13th, 
1914,  with  the  Terry  and  Tench  Company,  Incorporated,  The  Snare 
and  Triest  Company,  and  the  T.  A.  Gillespie  Company,  which  last 
Company  acted  as  executive.     The  work  was  distributed  as  follows : 
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All  foundation  work  was  done  by  the  T.  A.  Gillespie  Company;  the 
Snare  and  Triest  Company  carried  out  all  work,  including  steel  erec- 
tion, station  finish,  and  track-laying  on  Sections  Nos.  6-C  and  7;  the 
Terry  and  Tench  Company  completed  all  steel  erection  and  track  work 
on  the  remaining  sections,  and  the  station  finish  work  on  these  sections 
was  partly  carried  out  by  the  Terry  and  Tench  Company  and  partly  by 
the  T.  A.  Gillespie  Company.  The  contractor's  work  was  in  executive 
charge  of  a  vice-president  of  the  T.  A.  Gillespie  Company. 

Structural  Steel. — The  sub-contractors  for  the  manufacture  and 
delivery  of  the  steelwork,  the  tonnage  delivered,  and  the  prices  per 
pound  of  the  material  delivered,  are  given  in  Table  1. 

TABLE  1. — Steelwork  for  "Manhattan  Elevated  Improvements." 


Section. 

Sub-contractor. 

Tons. 

Price 
per  pound. 

]      . 

Milliken  Brothers  

5  963 

4  562 
3  820 
3  929 

5  544 
1732 
1440 
1  100 

163 

1  113 

2  926 
8  075 
1487 
5  041 
1302 

547 
1200 

0  0288 

2  A   

American  Bridge  Company 

0  0293 

2  B    

0  0262 

3 

0  0239 

4-A               

0  0215 

5-A 

Pennsylvania  Steel  Company 

0.0290 

6-B 

0.0275 

5-C  (Structural  steel).. 

5-C  (Machinery) 

5-D 

0.0290 

Pennsylvania  Steel  Company  

0.1045 

0.0320 

6-A 

L.  F.  Shoemaker  and  (Company 

0.0250 

6-C 

McClintic-Marshall  Company 

0.0243 

7 

0.0254 

8-A 

American  Bridge  Company 

Milliken  Brothers 

0  0245 

8-B  . .              

0.0270 

8-C 

Milliken  Brothers 

0.0254 

10-B 

Belmont  Iron  Works 

0.0285 

Rails. — The  contracts  for  the  manufacture  and  delivery  of  rails  were 
made  with  the  following  companies : 

Bethlehem  Steel  Company,  standard  rails,  2  961  520  lb.,  at  $0,014 

per  lb. 
Lackawanna    Steel    Company,    standard    rails,    2  916,940    lb.,    at 

$0,014  per  lb. 
Illinois  Steel  Company,  manganese  rails,   564  060  lb.,   at  $0.0905 

per  lb. 

Lumber. — The  track  lumber,  which  was  all  yellow  pine  and  amounted 
to  about  8  000  000  ft.,  b.  m.,  was  obtained  from  the  D.  L.  Gillespie  Com- 
pany, of  Pittsburgh,  Pa.,  and  cost  $30.50  per  1  000  ft.,  b.  m. 
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Other  lumber,  for  shoring,  forms,  etc.,  was  bought  for  $23.50  per 
1  000  ft.,  b.  m. 

Material  for  Concrete. — The  prices  paid  for  materials  for  concrete 
delivered  were  as  follows: 

Cement    $1.70  per  bbl. 

Sand 1.00  per  cu.  yd. 

Stone  1.70    "     "    " 

Cost  of  Labor. — The  wages  paid  to  the  men  engaged  on  the  work 
were  at  the  prevailing  rates,  and  were  as  follows,  for  an  8-hour  day: 

Bricklayers    $6.00 

Iron   workers 5.00 

Iron  workers'  apprentices .  .  3.00  to  $4.00 

Carpenters 5.00 

Carpenter  foreman 7.00  to     S.OO 

Dock  builders 4.00 

Water-proof ers   4.25 

Rock    drillers 3.75 

Timber  men 2.50 

Timber   men   or   foreman.  .  3.00  to     3.50 

Painters   (structural) 2.25    "     2.50 

Painters'  foreman 4.00    "     5.00 

Blacksmiths    4.50    "     6.00 

Blacksmiths'   helpers 3.20 

Machinists 3.50 

Lead   caulkers 4.50 

Labor  foreman 3.50  to     4.00 

Handy    man 2.50    "     3.00 

Laborers 2.00    "     2.25 

Painters   for   timber   work.  4.00 

General  foreman 8.00  to  10.00,  straight  time. 

Compressor   men 125.00  per  month. 

Hoisting   engineers 30.25  to  33.00  per  week. 

Watchmen   12.00    "   14.00  per  week. 

Total  Cost. — The  total  cost  of  the  work  done  by  the  contractors  was 
$10  273  636.98,  distributed  on  the  sections  as  follows : 
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Section.  Cost. 

1 $1031678.76 

2-A 773  900.88 

2-B 656  784.27 

3    • 717  651.03 

4-A -. 692  453.22 

5-A 360  804.42 

5-B.. 325  669.73 

5-C... 258  458.71 

5-D 187  341.30 

6-A 602  671.68 

6-C 1  488  380.41 

7 590  966.43 

8-A .-.  .:v ...J...       854  004.07 

8-B 356153.48 

8-C 108  153.48 

10-B 456  919.91 

General 811 196.85 

The  term  "General"  includes  charges  which  could  not  be  definitely 
distributed  on  the  various  sections.  The  contractors'  expenses  for 
engineering  and  superintendence  are  included  in  this  item,  and 
amount  to  $559  340.45,  or  about  5^%  of  the  total  cost. 

Cost  of  Steel  Erection. — The  cost  of  steel  erection  varied  greatly 
for  the  different  sections,  on  account  of  the  varying  difficulties  con- 
nected with  the  erection.  Table  2  gives  for  each  section  the  cost  of 
erecting  1  ton  of  steel  and  the  cost  of  shoring  per  ton  of  steel  erected. 

TABLE  2. — Cost  of  Erection. 


Section  No. 

Cost  of  erection,  per  ton. 

Cost  of  stioring,  per  ton. 

1 

PO.42 

$12.57 

2-A 

21.27 

5.41 

2-B 

13.80 

1.50 

3 

43.7! 

20.18 

4-A 

14.22 

0.88, 

&-A 

50.85 

20.61 

5-B 

39.62 

26.53 

5-C 

85.76 

5-D 

32.49 

6.49 

6-A 

28.70 

17.06 

6-C 

39.82 

10. .30 

7 

93.94 

7.34 

8-A 

33.41 

15.33 

8-B 

8-C 

57.80 

13.90 

10-B 

105.24 

2.68 

738  MANHATTAN   ELEVATED   RAILWAY    IMPROVEMENTS 

The  cost  of  raising  the  structure  in  Second  Avenue  and  125th 
Street,  as  described  under  Section  No.  5-B,  was  $6  812,  and  the  cost 
of  moving  the  tracks  between  133d  and  144th  Streets,  as  described 
under  Section  No.  6- A,  was  $8  474. 

As  an  example  of  the  cost  of  riveting,  etc.,  it  may  be  stated  that, 
on  Section  No.  6-C,  365  000  rivets  were  driven  at  the  cost  of  14.2 
cents  per  rivet,  including  overhead  charges.  There  were  four  men 
in  a  gang,  and  each  gang  averaged  172  good  rivets  for  an  8-hour  day. 
This  work  was  interfered  with,  on  account  of  the  train  traffic.  About 
325  000  holes  were  drilled  from  the  solid,  mostly  \^  in.  in  diameter, 
at  a  cost  of  15.1  cents  per  hole;  about  40%  of  these  holes  were  drilled 
in  new  steel  on  the  street  surface,  the  remainder  in  the  structure. 
About  115  000  old  rivets  and  bolts  were  cut  out  of  the  existing  structure 
at  a  cost  of  9.6  cents  each,  including  replacing  the  rivets  cut  out  with 
temporary  bolts. 

Cost  of  Placing  Foundations. — The  labor  charges  for  the  construc- 
tion of  the  foundations  varied  considerably,  according  to  whether- 
the  new  foundations  were  at  new  locations  or  replaced  existing  founda- 
tions, and  also  according  to  the  sub-surface  structures  encountered. 
On  Section  No.  2-A,  for  example,  49  foundations,  each  containing, 
as  an  average,  15.8  cu.  yd.  of  concrete,  were  placed  at  new  locations 
at  $24.50  per  cu.  yd.,  including  all  excavation,  placing  of  sheathing, 
forms,  and  concrete,  back-filling,  and  repaving.  Seventeen  foundations 
imder  existing  columns  were  placed  at  a  cost  of  $37.00  per  cu.  yd., 
and,  in  addition,  the  cost  of  shoring  the  structure  amounted  to 
$210.36  for  each  foundation. 

On  Section  No.  5-A,  23  foundations,  each  containing,  as  an 
average,  20  cu.  yd.,  under  existing  columns,  were  placed  at  a  cost 
for  labor  of  $18.93  per  cu,  yd.,  and  the  charges  for  shoring  the 
structure  amounted  to  $255.77  for  each  foundation. 

On  Section  No.  5-B,  24  foundations,  each  containing  7.5  cu.  yd. 
of  concrete,  at  new  locations,  were  completed  at  a  cost  of  $22.47  per 
cu.  yd.,  or  a  total  of  $168.50  per  pier,  distributed  as  follows: 

''  Timekeeping    

Storekeeping    .... 

Material    checking 

^  General  foreman .  .  . 


Superintendence ; 


$21.02 


Carried   forward $21.02 
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Brought    forward $21.02 

Protections 4.00 

Sheathing   20.00 

Making  forms 4.00 

Placing       "      7.00 


Carpenter  work:   <( 


Labor : 


Stripping    "     3.40 

l^  Eepairing  "     6.00 

f  Excavating 50.80 

Concreting    9.90 

Back-filling    10.16 

Cleaning    up 5.00 


Watching 12.10 

Hauling   materials 15.12 

$168.50 

On  Section  No.  1,  50  foundations,  averaging  242  cu.  yd.  of  con- 
crete, under  present  columns,  were  placed  at  a  cost  of  $22.73  per 
cu.  yd.,  and  the  shoring  labor  cost  $133.43  per  column. 

The  labor  charges  for  moving  the  sub-surface  structures,  as  described 
under  Section  iN"©.  2-A,  amounted  to  $21  760,  and,  as  described  under 
Section  No.  2-B,  to  $99  931. 

Cost  of  Track- Laying. — The  labor  cost  of  laying  center  track  on 
Section  No.  6-C  amounted  to  $1.90  per  lin.  ft.  of  straight  track  and 
$2.40  per  lin.  ft.  of  curved  track. 

On  Section  No.  2-A,  9  333  ft.  of  track  were  laid  at  a  total  cost  of 
$20  918.28,  or  $2.25  per  lin.  ft.,  and  on  Section  No.  2-B,  8  496.5  ft. 
of  track  were  laid  at  a  total  cost  of  $20  082.98,  or  $2.37  per  lin.  ft.; 
these  last  prices  include  the  railing  for  the  footwalks. 

Accounting. — The  method  of  accounting  for  the  expenditures,  com- 
plying with  the  regulations  of  the  Public  Service  Commission,  was 
as  follows : 

Pay-rolls  rendered  weekly  by  the  contractors  were  checked  by  daily 
force  account  showing  the  men's  names,  numbers,  and  occupations. 
The  time  was  taken  by  timekeepers  of  both  the  contractors  and  the 
Company,  who  signed  the  sheets  each  day.  The  daily  average  reports 
also  appeared  on  the  time  sheets.  The  time  of  all  employees  was  also 
checked  in  the  field  by  the  representative  of  the  Public  Service  Com- 
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Material  delivered  on  the  job  was  entered  on  daily  receiving  sheets, 
being  charged  directly  or  entered  into  stock  and  charged  to  the  job 
when  drawn  out  on  warehouse  orders,  showing  the  job  number 
to  which  it  was  to  be  charged.  The  same  rule  as  to  distri- 
bution applied  to  the  direct  charge  reports;  all  reports  were  signed 
by  the  engineer  in  charge  or  a  duly  authorized  assistant.  Materials 
taken  into  stock  were  entered  on  a  monthly  stock  report  furnished 
by  the  contractor  and  checked  by  the  engineer. 

All  accounts  of  the  contractor  for  pay-rolls  and  material  received 
were  paid  for  through  a  voucher  system,  sent  to  the  engineer  for 
checking,  and  the  monthly  estimates  from  which  the  contractor  received 
his  compensation  were  made  up  from  the  vouchers. 

Accidents. 

In  addition  to  the  usual  hazards  connected  with  erecting  a  steel 
structure,  the  working  conditions  were  subjected  to  the  dangers  of 
frequent  and  fast-moving  trains  and  of  live  high-voltage  contact  rails. 
A  careful  record  was  kept  of  all  accidents  that  occurred  during  the 
work.  The  timekeepers  were  instructed  to  report  immediately,  on 
special  accident  report  forms,  all  accidents  that  occurred,  even  the 
most  trivial  ones.  During  the  whole  period  from  March,  1914,  to 
February  1st,  1916,  when  the  work  of  the  contractors  was  completed, 
there  was  reported  3  334  accidents,  out  of  which  26  were  fatal.  As 
there  had  been  in  that  time  1  060  000  single  man  working  days,  the 
average  amounted  to  1  accident  daily  per  318  men.  ]^o  analysis  has 
as  yet  been  made  of  the  total  number  of  accidents,  but,  in  April,  1915, 
when  1  681  accident  reports  had  been  received,  which  is  practically 
one-half  of  the  total  number  of  reports  received,  an  analysis  was  made 
of  the  accidents  reported  up  to  that  time.  It  was  found  that,  as  an 
average,  an  accident  happened  daily  to  1  man  out  of  300  employed. 
Of  these  accidents  71%  did  not  cause  any  loss  of  time  to  the  employee 
hurt  and  88%  (which  includes  the  71%  mentioned)  returned  to  the 
work  in  2  weeks  or  less  from  the  time  of  accident.  Ten  accidents  were 
fatal. 

The  accidents,  in  accordance  with  their  general  character  and  their 
frequency,  may  be  classified  as  follows: 

Bruises,   sprains,   etc 40  per  cent. 

Cuts    34       " 
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Accidents  to  the  eye 12  per  cent. 

Accidents  caused  by  projecting  nails 6        " 

Fractures    4        "    ■' 

Burns    4 

Under  bruises,  sprains,  etc.,  are  included  all  accidents  resulting 
from  having  a  hand  or  foot  squeezed  by  materials  handled,  etc.  Under 
cuts  are  included  all  open  wounds,  particularly  those  inflicted  by  sharp 
tools.  Accidents  to  the  eye  include  mainly  small  particles  of  foreign 
matter  getting  into  the  eye.  The  accidents  under  the  headings,  "acci- 
dents caused  by  projecting  nails"  and  "fractures"  are  self-explanatory; 
the  accidents  under  the  heading  "burns"  were  chiefly  caused  by  short 
circuits  from  the  contact  rail. 

As  far  as  the  causes  of  the  accidents  are  concerned,  they  may  be 
classified  as  follows : 

Self-inflicted    accidents 56  per  cent. 

Accidents  caused  by  fellow  employees 33        " 

Accidents  caused  by  trains  and  street  cars 2        " 

Accidents    caused    by    material    dropping    from    the 

structure    4 

Accidents  caused  by  failure  of  plant 3 

Accidents  caused  by  short  circuit 2 

The  accidents  included  under  the  heading  "self-inflicted"  comprise 
all  such  accidents  as  were  caused  by  the  injured  persons  themselves; 
and,  under  the  heading  "accidents  caused  by  fellow  employees"  are 
included  accidents  which  occurred  while  the  injured  persons  were 
working  in  conjunction  with  other  workmen.  The  other  headings 
explain  themselves,  except  the  expression  "failure  of  plant".  The 
greater  part  of  the  accidents  under  this  heading  are  such  as  were 
caused  by  the  slipping  of  a  ladder  or  the  blowing  out  of  the  snap 
of  a  riveting  hammer.  Properly  speaking,  such  accidents  are  as  much 
failure  of  plant  as  the  dropping  of.  a  boom  or  the  breaking  of  a 
scaffold. 

The  following  means  were  used  to  prevent  accidents,  as  far  as 
possible.  Every  employee,  before  his  services  were  accepted,  was 
examined  carefully  by  physicians,  retained  by  the  Company  for  the 
purpose,  to  assure  that  he  was  physically  fit  for  the  work;  the  foremen 
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were  instructed  to  discharge  any  employee  showing  carelessness  and 
disregard  for  his  own  or  others'  safety;  employees  under  the  influence 
of  liquor  were  discharged  and  not  re-employed.  Flagmen  employed 
by  the  Company  and  not  by  the  contractors  were  stationed  at  all 
points  where  employees  were  on  or  near  the  running  tracks;  their 
duty  was  to  see  that  all  workmen  were  clear  of  the  track  before  a 
train  was  permitted  to  pass.  Where  the  structure  was  of  unusual 
height,  canvas  or  wire  nets  were  stretched  under  it  at  the  points  of 
work.  All  metal  tools  used  in  the  vicinity  of  a  live  contact  rail  were 
wound  with  insulating  tape  to  minimize  the  danger  of  short  circuits. 

By  far  the  greater  number  of  accidents  happened  to  the  hands 
and  feet  of  the  employees  while  handling  material.  It  would  seem 
that  such  accidents  could  be  materially  reduced  if  only  the  employees 
could  be  persuaded  to  use  proper  caution.  There  is  another  class 
of  accidents,  which  includes  a  considerable  percentage  of  the  cases, 
the  prevention  of  which  may  be  more  definitely  charged  to  the  super- 
intendence. These  accidents  are  such  as  are  caused  by  loose  articles 
dropping  from  the  structure,  by  projecting  nails,  and  by  men  getting 
particles  into  their  eyes  when  drilling  steel  or  doing  similar  work. 
Loose  articles  should  be  secured,  or  picked  up  and  placed  in  proper 
receptacles;  projecting  nails  should  be  hammered  down  and  made 
liarmless,  and  drillers  and  others  exposed  to  dust  should  wear  proper 
protections  for  the  eyes.  It  may  be  stated  that  inspections  as  rigid 
as  possible  along  these  lines  were  made  throughout  the  progress  of  this 
work. 

It  will  be  noted  that  during  the  first  half  of  the  work  accidents 
occurred  at  the  rate  of  one  a  day  for  each  300  men  working,  but, 
during  the  latter  half,  they  occurred  at  the  rate  of  one  a  day  for  each 
340  men  working.  Unless  this  in  itself  is  an  accident,  it  may  indicate 
that  the  experience  gained  during  the  work  decreased  the  chances  for 
accidents  occurring,  and  increased  the  knowledge  as  to  how  to  prevent 
them. 

During  the  work  26  fatal  accidents  occurred  to  men  engaged 
thereon,  one  of  which  happened  to  one  of  the  Company's  engineers, 
who  was  struck  by  a  train  while  performing  his  duties.  Some  of  the 
accidents  happened  while  the  employee  was  not  immediately  engaged 
on  his  work,  and  not  a  single  one  happened  when  the  work  might  be 
considered  extra  hazardous ;  in  fact,  very  few  accidents,  fatal  or  other- 


MANHATTAN   ELEVATED   RAILWAY   IMPROVEMENTS  743 

wise,  happened  when  those  engaged  on  the  work  realized  that  special 
precautions  had  to  be  taken.  Here  it  may  be  mentioned  that  the 
placing  of  the  three  spans  of  the  Harlem  River  Bridge,  which  work 
was  done  during  the  night,  and  once  during  a  heavy  snow  storm,  was 
completed  without  a  single,  even  minor,  accident,  although  the  work, 
on  account  of  the  interruption  it  caused  to  traffic,  was  performed  at 
the  highest  possible  speed. 

In  addition  to  the  accidents  to  the  employees,  a  number  happened 
to  people  passing  in  streets  in  the  vicinity  of  the  work.  The  greater 
number  of  these  were  caused  by  people  colliding  in  various  manners 
with  obstructions  in  the  streets.  Other  accidents  were  caused  by  mate- 
rial falling  from  the  structure.  The  actual  number  of  accidents  to 
people  in  the  streets  is  difficult  to  ascertain,  as  the  claim  that  an  accident 
had  happened  did  not  always  necessarily  mean  that  it  did.  There 
were  very  few  and  minor  accidents  to  passengers  on  the  platforms  or 
in  the  trains. 

The  safety  of  the  people  in  the  street  was  provided  for,  as  far  as 
possible,  by  guarding  all  work  with  fences,  by  placing  warn- 
ing signs  on  all  obstructions,  and  by  stationing  flagmen  at  all 
points  where  their  services  might  be  of  value,  and  whenever  possible 
by  placing  canvas  protections  under  the  structure,  to  guard  against 
material  falling  to  the  street.  The  train  service  was  protected  by 
flagmen  provided  by  the  Company;  their  duty  was  to  see  that  the 
line  was  clear  before  a  train  was  permitted  to  proceed. 

Organization. 

The  whole  work,  including  the  complete  design  and  all  the  field 
work,  was  done  under  the  direction  of  George  H.  Pegram,  President, 
Am.  Soc.  C.  E.,  Chief  Engineer  of  the  Interborough  Rapid  Transit 
Company,  and  was  carried  out  in  direct  charge  of  F.  W.  Gardiner, 
M.  Am.  Soc.  C.  E.,  Principal  Assistant  Engineer,  with  S.  Johannesson, 
M.  Am.  Soc.  C.  E.,  as  General  Assistant  Engineer.  H.  C.  Soest, 
Assoc.  M.  Am.  Soc.  C.  E.,  was  in  charge  of  the  field  work  of  Section 
No.  1;  H.  Leser,  Assoc.  M.  Am.  Soc.  C.  E.,  of  Sections  ISTos.  2-A,  2-B, 
3,  and  4-A;  Mr.  B.  O'Rourke  of  Sections  Nos.  5-A,  5-B,  5-C,  and  5-D; 
Mr.  J.  M.  Jorgensen  of  Sections  6-A  and  6-C ;  Mr.  O.  Whitman  of 
Sections  7,  8-C,  and  10-B;  and  Mr.  B.  Helseth  of  Section  No.  8-A. 
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For  the  contractors,  Edward  J.  Govern,  M.  Am.  Soc.  C.  E.,  was  in 
general  charge  of  the  work.  Holton  D.  Robinson,  M.  Am.  Soc.  C.  E., 
was  the  contractor's  Engineer,  in  charge  of  the  work  done  by  the 
Terry  and  Tench  Company,  and  W.  P.  Rothrock,  M.  Am.  Soc.  C.  E., 
of  the  work  done  by  the  Snare  and  Triest  Company. 

It  may  be  stated  that,  throughout  the  work,  the  Engineers  of  the 
Public  Service  Commission,  as  well  as  the  Contractors,  co-operated 
with  the  Engineers  of  the  Company  to  bring  it  to  a  successful  finish, 
and  that  the  Transportation  Department  of  the  Company,  under 
Superintendent  S.  D.  Smith,  and  the  Maintenance  of  Way  Depart- 
ment, under  C.  E.  Carpenter,  Assoc.  M.  Am.  Soc.  C.  E.,  gave  valuable 
assistance  in  carrying  out  the  work. 
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DISCUSS I ON 


Clarence  E.  Carpenter,*  Assoc.  M.  Am.  Soc.  C.  E. — The  authors  Mr. 
of  this  paper  are  entitled  to  the  thanks  of  the  Profession  for  having  '^'^^^^  ^^' 
prepared  and  presented  a  detailed  and  complete  description  of  one 
of  the  most  difficult  and  extensive  traction  developments  ever  carried 
out  in  New  York  City.  The  work  was  divided  into  sixteen  sections, 
according  to  location  on  the  several  elevated  lines.  Each  section 
presented,  to  a  greater  or  less  extent,  distinctive  problems  calling  for 
a  special  design  and  method  of  procedure.  The  paper,  therefore,  is 
of  considerable  value  for  reference  to  engineers  who  may  be  called 
on  to  execute  work  of  this  character. 

The  speaker's  connection  with  the  work  was  practically  limited 
to  the  maintenance  and  operation  of  the  elevated  lines  during  its 
progress  and  after  completion.  Detailed  plans  and  specifications  for 
track  construction  were  prepared  by  the  Maintenance  of  Way  Depart- 
ment of  the  railway  company. 

The  greater  part  of  the  track  material  was  loaded  on  work  trains 
at  the  storage  yards  and  distributed  along  the  right  of  way  by  that 
Department.  All  track  work,  within  the  clearance  lines  of  tracks  under 
operation,  was  performed  by  the  company's  maintenance  force,  and 
also  all  contact-rail  work  and  accessories.  All  flagmen  stationed  on 
the  tracks  to  prevent  trains  from  running  into  obstructions  or  striking 
employees  were  furnished  from  the  same  force.  The  flagmen  did  their 
work  well,  as  on  no  occasion  did  a  train  encounter  any  obstruction 
or  become  derailed  due  to  the  track  not  being  clear  or  in  proper  shape 
for  operation.  The  Maintenance  of  Way  Department  furnished 
experienced  ironworkers  for  the  inspection  of  rivets,  and  inspectors 
who  co-operated  with  the  construction  engineers  in  following  up  the 
contractor's  excavating  and  shoring  work  to  insure  the  stability  of 
the  structure  and  the  safety  of  passengers.  At  times  during  the 
progress  of  the  work  as  many  as  150  men  were  employed  as  flagmen 
and  rivet  inspectors. 

The  work  comprised  the  laying  of  approximately  24  miles  of  single 
track,  of  which  15  miles  were  new  track  added  to  the  elevated  system 
and  9  miles  were  old  track  rebuilt.  About  6  500  tons  of  new  steel 
rails  and  12  000  000  ft.,  b.  m.  of  new  track  ties  were  used. 

It  may  be  of  interest  to  refer  to  a  few  of  the  important  features 
of  the  track  construction.  All  track  rails  on  tangents,  and  on  curves 
having  a  radius  larger  than  400  ft.,  were  of  open-hearth  steel  having 
the  following  chemical  composition  : 

Carbon 0.75  to  0.90;   average  not  less  than  0.80; 

Manganese 0.60  to  0.90; 

Silicon,    not    more    than    0.20; 

Phosphorus,  not  more  than  0.04. 
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Mr.  All  rails  on  curves  having  a  radius  of  400  ft.  and  less,  except  in 

arpen  er.  y^j.^g  ^^^  emergency  cross-overs,  were  of  manganese  steel.  Steel  guard- 
rails were  placed  on  the  inside  rail  of  all  curves  of  less  than  2  000  ft. 
radius.  The  guard-rails  were  bolted  to  the  track  rails  at  intervals  of 
3  ft.  with  H-in.  steel  bolts,  and  were  carried  at  least  GO  ft.  beyond 
the  points  of  tangency  of  the  curves.  All  rails  on  tangents  through 
switches  and  special  work,  and  on  curves  having  a  radius  of  500  ft.  or 
more,  were  laid  true  to  gauge  of  4  ft.  8^  in. ;  on  curves  between  500  and 
150  ft.  the  gauge  was  widened  to  4  ft.  8|  in.;  and  on  curves  having 
a  radius  of  less  than  150  ft.  the  gauge  was  4  ft.  9  in. 

The  replacement  of  the  old  Second  Avenue-Harlem  River  Draw- 
bridge with  a  new  double-deck  four-track  drawbridge  was  perhaps  the 
most  conspicuous  feature  of  the  work.  The  bridge  has  two  shore  spans 
and  one  draw-span.  The  authors  have  described  the  replacement  of 
the  south  shore  span  on  February  22d,  1915,  and  of  the  north  shore 
span  on  March  6th,  1915.  The  excessive  variation  in  the  range  of  the 
tide  in  the  Harlem  River  caused  some  anxiety  during  both  these  opera- 
tions. In  the  case  of  the  removal  of  the  old  south  shore  span,  the  tide 
reached  its  highest  level  and  the  northeast  corner  of  the  span  still  rested 
on  the  pier.  A  derrick  boat  was  used  to  lift  that  corner,  and,  fortunately, 
the  span  just  swung  clear  of  the  piers.  At  the  time  the  north  shore 
span  was  replaced,  the  range  of  tide  was  nearly  twice  as  great  as  when 
the  south  span  was  floated.  The  scows  were  placed  under  the  old  span 
and  the  blocking  set  up  to  lift  it  at  1  a.  m.,  when  arrangements  had 
been  made  to  suspend  traffic  on  the  bridge.  The  tide  rose  with  great 
rapidity  and  began  to  lift  the  span,  so  that  trains  had  to  be  flagged  at 
both  ends  of  the  bridge  at  12.44  a.  isr.  Before  the  draw-span  could  be 
opened,  the  shore  span  rose  so  high  that  the  lift-rails  would  not  swing 
clear,  and  some  very  lively  work  was  necessary  in  order  to  disconnect 
the  tracks  before  damage  resulted. 

Mr.  George  H.  Pegram,*  Past-President,  Am.  Soc.  C.  E. — This  paper 

egram.  j^  ^^  complete  that  the  speaker  did  not  expect  to  discuss  it,  but  Mr. 
Kittredge  has  alluded  to  the  co-ordination  of  forces  in  work  of  this  kind, 
and  it  is  proper  to  state  that  the  co-ordination  practiced  was  in  line 
with  what  the  different  governments  of  the  world  are.  now  finding  to 
be  more  and  more  necessary:  the  centralization  of  power  in  one  man. 

After  the  preparation  of  the  general  plans,  Mr.  Gardiner  was  given, 
practically,  a  free  hand  in  the  preparation  of  detailed  plans  and  in 
carrying  out  the  work  of  the  structural  portions,  and  C.  E.  Carpenter, 
Assoc.  M.  Am.  Soc.  C.  E.,  Engineer  of  Maintenance  of  Way,  was  given 
similar  freedom  in  the  necessary  track  changes  and  extensions. 

In  viewing  the  work  at  the  beginning  it  did  not  seem  possible  that 
it  could  be  accomplished  without  accident.     It  certainly  did  not  seem 
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probable   that    it   could    be    accomplished    without    more    interruptions      Mr. 
of  traffic  than  occurred,  and  this  was  largely  due  to  a  centralization  of 
power,  which  prevented  confusion  of  orders. 

The  reference  which  Mr.  Thomson  has  made  to  the  ancient  history 
of  the  structures  is  of  interest.  These  old  elevated  railways  are  proba- 
bly the  oldest  metal  structures  in  the  world  in  point  of  use,  having  been 
subjected,  during  the  40  years  of  their  existence,  to  constant  and 
rapidly  repeated  loads,  in  some  cases  exceeding  those  for  which  they 
were  designed. 

Great  credit  is  due  to  the  designers  and  builders  who  produced  a 
structure  which  after  40  years  could  have  a  third  track  added  without 
the  entire  replacement  of  the  old  work.  There  were  many  details  in  the 
old  structure  for  which  there  was  no  precedent.  The  one  requiring 
the  greatest  courage  in  design  was  the  single-column  structure.  The 
designers  probably  did  not  anticipate  that  the  swaying  of  the  locomo- 
tives would  cause  a  lateral  thrust  of  6  000  lb.  at  the  top  of  each 
column ;  and  they  probably  did  not  anticipate  that  the  extensions  of  the 
station  platforms  would  be  supported  on  cantilevers  from  the  columns, 
thus  causing  a  bending  moment. 

Although  some  of  these  columns  rest  on  sand,  no  undue  or  irregular 
settlement  has  occurred.  The  columns  were  inserted  in  sockets  in  a 
cast-iron  base,  in  which  they  were  fixed  with  a  "rust"  joint.  This  detail 
has  proved  very  effective,  and  could  well  be  repeated  in  the  future. 
There  are  a  number  of  columns  with  closed  section  in  which  no  corro- 
sion has  been  found  after  their  40  years  of  service,  which  is  proof  that 
the  old  and  persistent  specification,  that  closed  sections  should  not  be 
used,  is  unwarranted.  A  closed  section  is  the  strongest  one  for  a 
column.     There  is  no  reason  for  not  using  it  more  generally. 

Of  course,  the  circulation  of  air  in  the  columns  of  the  elevated  road 
is  prevented,  but  it  might  also  be  prevented  in  the  columns  of  bridges. 

The  detail  most  criticized  is  the  want  of  intersection  of  the  web 
members  of  the  lattice  girders.  This  is  a  very  crude  detail,  and  was 
probably  adopted  because  the  material  in  the  chord  was  supposed  to  be 
so  excessive  that  it  was  not  necessary  to  take  care  of  the  moments  at 
the  joints;  but  this  proved  wrong,  and  it  was  necessary  to  double-lattice 
the  girders  to  relieve  these  moments. 

Cast  iron  is  used  for  the  supports  of  the  canopies  of  the  platforms 
and  stairways  of  the  old  elevated  structure.  This  is  a  detail  which 
could  be  followed  with  advantage,  as  the  cast-iron  column  can  be  made 
smaller,  more  ornamental,  and  less  dangerous  through  contact  than 
one  made  of  rolled  shapes. 

T.  Kennard  Thomson,*  M.  Am.  See.  C.  E.— This  Society  and  the      Mr. 
City  of  New  York  owe  a  very  great  debt  of  gratitude  to  the  authors      °™s<^°- 
and  to  their  Chief,  George  H.  Pegram,  Past-President.  Am.  Soc.  C.  E., 
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Mr. 
Thomson. 


Mr. 
Wegmann. 


Chief  Engineer  of  the  Interborough  Rapid  Transit  Company,  both  for 
this  comprehensive  paper  and  for  the  marvelous  success  with  which 
they  replaced  the  old  elevated  structures. 

The  old  elevated  railroad  was  being  loaded  far  beyond  the  expecta- 
tions of  the  original  builders,  and  was  rapidly  becoming  absolutely 
unsafe. 

The  new  structures  are  thoroughly  substantial  and  up-to-date,  and 
show  many  ingenious  methods  of  overcoming  unusual  difficulties  of 
design;  only  engineers  can  realize  the  great  care  and  engineering  skill 
which  Mr.  Pegram,  Mr.  Gardiner,  and  their  staff  exercised  so  well,  but 
withal  so  quietly  and  unostentatiously,  in  overcoming  these  unprece- 
dented difficulties.  This  achievement  should  be  brought  to  the  atten- 
tion of  the  public. 

The  speaker  hopes  that  Mr.  Pegram  will  enhance  this  valuable  paper 
with  many  historical  and  other  remarks  about  the  old  elevated  railroad. 

Fig.  135,  showing  a  proposed  elevated  railroad  for  New  York  City 
in  1833,  or  some  30  years  prior  to  the  building  of  any  structure  of  that 
kind,  may  be  of  interest. 

Edward  Wegmann,*  M.  Am.  Soc.  C.  E. — The  speaker  wishes  to 
compliment  the  authors  on  the  excellent  paper  they  have  given  the 
Society.  It  is  so  full  of  details,  and  involves  so  much  complicated 
work,  that  it  can  only  be  discussed  properly  by  an  expert  bridge  engineer 
who  is  thoroughly  familiar  with  the  local  conditions. 

As  the  authors  have  made  a  brief  reference  to  the  early  history  of 
the  elevated  railways  of  New  York,  the  speaker,  who  was  connected 
for  two  years  with  the  construction  of  the  original  structures,  will 
say  a  few  words  about  that  work  which  may  be  of  interest. 

The  construction  of  the  Metropolitan  Elevated  Railway  of  New 
York — kno'wii  originally  as  the  Gilbert  Elevated  Railroad — was  begun  in 
the  fall  of  1877.  The  contracts  for  building  this  road  from  Rector 
Street  to  42d  Street,  on  Church  Street,  West  Broadway,  South  Fifth 
Avenue,  and  Sixth  Avenue,  were  let,  about  November  1st,  1877,  to 
the  Phcenixville  Bridge  Company,  the  Keystone  Bridge  Company,  and 
the  Edgemoor  Bridge  Company. 

Each  of  these  companies  agreed  to  complete  its  part  of  the  railroad 
within  4  months,  and  to  pay  a  penalty  of  $1  000  per  day  for  any  addi- 
tional time  that  might  be  required. 

As  a  matter  of  fact,  the  railroad  was  built  from  Rector  Street  to 
42d  Street — a  distance  of  about  3  miles — in  4J  months.  On  account 
of  the  difficulties  encountered,  the  penalty  for  the  2  weeks  of  extra 
time  was  not  enforced.  Considering  the  fact  that  the  iron  had  to  be 
rolled  in  Pennsylvania,  and  brought  to  New  York  in  winter,  the 
speed  in  construction  was  remarkable,  and  could  scarcely  be  surpassed 
at  the  present  time. 

*  New  York  City. 


Fig.  135. — Proposed  Plan  for  Elevated  Railroad  in  New  York  City  in  1833. 
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The  piers  for  the  columns  to  support  the  structure  were  located  from        Mr. 
a  base-line  established  on  the  west  sidewalk,  about  2  ft.  from  the  curb.     6^™*°°' 
This  line  was  measuredswith  the  utmost  accuracy  with  a  25-ft.,  trussed, 
wooden,  measuring  rod,  the  length  of  which  was  compared  from  time  to 
time  with  a  standard  rod,  furnished  by  the  bridge  companies. 

It  was  very  difficult  to  establish  a  straight  base-line  on  the  crowded 
city  sidewalks,  especially  on  Sixth  Avenue  near  23d  Street,  which  was 
then  the  great  shopping  district  of  New  York.  The  speaker  tried  to 
run  the  base-line  in  the  early  morning,  but  found  the  weather  too 
foggy,  and  finally  resorted  to  the  ''pusher  system".  A  member  of  the 
engineer  corps  or  a  laborer  was  stationed  on  each  block.  At  a  given 
signal,  these  men  would  push  the  crowd  to  one  side,  with  loud  shouts, 
and  before  the  people  had  time  to  discover  what  caused  the  commotion, 
the  line  had  been  sighted.  If  the  speaker  had  to  do  this  troublesome 
kind  of  surveying  again,  he  w^ould  use  tripods  of  extra  height,  to 
enable  the  transitman  to  sight  over  the  heads  of  the  people  by  standing 
on  a  box. 

As  regards  the  wooden  measuring  rod,  a  50-ft.  spring-balance  tape 
would  have  expedited  the  work,  and  would  have  been  sufficiently 
accurate.  The  engineers  engaged  on  those  early  elevated  railways  were 
very  much  impressed  with  the  accuracy  that  was  required,  to  insure 
that  the  ironwork  would  fit  properly  together.  To  show  that  this  anxiety 
was  somewhat  unnecessary,  the  speaker  will  mention  what  happened  to 
one  column  of  the  Sixth  Avenue  structure.  In  setting  the  templates 
for  the  anchor-bolts  of  the  piers,  the  engineers  measured,  with  a  wooden 
rod,  23.5  ft.  from  the  base-line  to  the  center  of  the  west  pier,  and  then 
23  ft.  to  the  east  pier.  In  setting  the  template  for  one  of  the  piers, 
the  engineer  used  the  wrong  mark  on  the  measuring  rod  and  placed 
the  pier  6  in.  too  far  east.  When  the  ironwork  was  erected,  the  column 
on  this  pier  was  riveted  to  the  cross-girder,  and  neither  the  workmen 
nor  the  engineer  found  out  for  some  time  that  it  was  6  in.  out  of 
plumb.  The  error  was  corrected  by  using  a  special  base  casting,  which 
brought  the  center  of  the  column  into  its  required  position. 

The  piers  supporting  the  columns  were  built  of  brick,  founded 
on  large  stones  to  which  the  anchor-bolts  were  fastened.  The  ordinary 
depth  of  each  foundation  was  10  ft.,  but,  at  the  street  intersections, 
where  columns  had  to  be  built,  according  to  the  charter,  the  foundation 
depth  was  usually  about  30  ft.,  in  order  to  get  down  to  the  bottom  of 
the  street  sewer,  over  which  arches  were  generally  built.  Water  and 
gas  mains,  etc.,  were  usually  straddled  with  I-beams,  well  protected  by 
cement  mortar. 

On  Sixth  Avenue  about  ten  piers  were  built  daily  on  each  section 
of  the  work.  On  the  Second  Avenue  line,  erected  about  a  year  later, 
about  fifteen  piers  per  day  were  built  on  each  section.  It  required 
quick  work  on  the  part  of  the  engineers,  to  give  line  and  grade  for  the 
piers  and  to  keep  memoranda  of  how  all  the  obstructions  were  bridged 
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Mr.        over.     Very  frequently  the  special  plans  for  the  piers,  made  at  head- 


Wegmann 


Constable 


quarters,  arrived  after  the  piers  had  been  built,  and  all  that  the  field 
engineer  could  do  was  to  certify  that  the  plans  looked  very  much  like 
the  piers  actually  built. 

The  contract  for  the  Sixth  Avenue  Elevated  Railway  was  let  by 
the  Metropolitan  Elevated  Railway  to  the  New  York  Loan  and  Improve- 
ment Company  at  $1  000  000  per  mile.  As  engineer  for  the  Keystone 
Bridge  Company,  the  speaker  knew  the  actual  cost  of  the  Sixth  Avenue 
structures,  which  amounted  only  to  about  $500  OOQ  per  mile,  including 
stations- and  track.  .   .-    . 

The  Third  Avenue  Elevated  Railway — which  was  a  lighter  structure 
than  that  on  Sixth  Avenue — cost  only  $325  000  per  mile,  according  to 
figures  published  in  technical  papers  at  the  time.  •,: 

Mr.^_  Howard  Constable,*  M.  Am.  Soc.  C.  E. — Mr.  Pegram  has  spoken 

of  closed  columns  as  possibly  being  worthy  of  attention.  In  1883  the 
speaker  made,  for  the  late  Octave  Chanute,  Past-President,  Am.  Soc. 
C.  E.,  a  report  on  the  Interior  Rusting  of  Wrought-Iron  Columns. 
Many  structures,  in  the  East  and  Middle  West,  from  10  to  40  years 
old,  were  visited.  A  concave  mirror  with  a  small  hole  in  the  center 
was  used  to  throw  light  up  into  the  interior  of  a  column,  if  open  at 
the  bottom,  01-  through  a  li  or  2-in.  hole,  specially  cut  out,  as  near 
connections  as  possible. 

'  In  the  case  of  the  Omaha  Bridge,  there  were  a  great  many  open 
Columns,  the  interior  of  which  could  be  easily  inspected  for  a  distance 
of  about  6  ft.  when  the  speaker  was  suspended  from  the  lower  chord 
of  the  bridge.  The  paint  was  mostly  intact,  and  there  were  only 
occasional  flakes  of  rust.  In  the  case  of  a  double  webbed  girder  at 
Phffinixville,'  Pa.,  which  was  brought  from  England  about  1840,  the 
fed  lead  paint  in  the  interior  was  still  slightly  soft.  No  case  was  found 
where  the  interior  rusting,  exceeded  0.5%  of  the  cross-section.  Some 
heavy  rusting  was  found  where  columns  were  set  in  a  cup-like  shoe  or 
base,  also  where  lattice  straps  on  the  outside  were  not  in  full  contact 
and  left  a -capillary  space  for  the  retention  of  moisture. 
'  The  observation  openings  were  made  by  first  drilling  a  f-in.  hole, 
then  using  a  special  tool,  somewhat  like  a  washer  cutter.  The  washer 
or  disk  with  its  hole,  was  kept  as  a  sample,  and  the  hole  in  the  column 
was  tapped  and  a  plug  screwed  into  place. 

The  spea;ker  was  so  well  satisfied  that  interior  rusting  was  not 
as  serious  as  had  been  claimed,  that  in  later  years  he  designed  and 
erected  a  6-stbry  factory  in  which  compressed  air  was  taken  up  all  the 
columns  and  used  as  required  for  smelting,  sand  blast,  etc.,  by  removing 
screw  plugs  in  the  columns  and  attaching  pipes.  To  be  sure,  these 
columns  were  of  cast  iron,  but  their  use  as  air  ducts  represented  the 
passage- of  an  immense  quantity  of  air,  more  or  less  saturated  with 
moisture  owing  to  being  under  compression.  ..::  i:  '  .. 

--'-:--■■  ■-■       '■     ■■■■'■         *  Kingston,  Mass;  '  «|'>93i  Oj   :.iT''. 
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George  A.  Christensen,  and  Virgil  A.  Eberly. 


The  writer  has  felt  the  need  of  tables  of  natural  trigonometric 
functions  which  cannot  now  be  obtained  on  the  market,  and  takes  this 
opportunity  of  explaining  this  need,  which,  if  generally  concurred  in, 
may  influence  the  prospective  author  to  publish  tables  conforming  to 
the  specifications  following. 

A  review  of  mathematical  tables  was  made  by  the  British  Associa- 
tion for  the  Advancement  of  Science'  in  1873,  and  was  very  complete 
The  writer  has  recently  searched  the  United  States  Congressional 
Library  and  the  Library  of  the  Naval  Observatory,  at  Washington, 
D.  C,  the  latter  being  exceptionally  rich  in  its  collection  of  mathe- 
matical tables.  A  great  many  of  the  tables  described  in  the  1873 
report  may  be  seen  there,  as  well  as  many  abridged  tables  for  various 
purposes,  multiplication  and  conversion  tables,  and  trigonometric  tables 
produced  since  1873.  A  few  trigonometric  canons  produced  since  1873 
stand  out  prominently  on  account  of  the  evident  labor  expended  in 
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compiling  them,  and  on  account  of  the  departure  from  what  might  be 
called  established  practice.     The  authors  of  these  are: 

(a).  H.  Andoyer  (1911). 
(h).  J.  Bauschinger  and  J.  Peters  (1910-11). 
(c).  C.  Bremiker  (1887). 

(d).  Chambers'  Mathematical  Tables,  by  J.  Pryde  (1899). 
(e).  Mrs.  Emma  Gifford  (1914). 
(/).  J.  Peters  (1911). 

(g).  G.  Rheticus,  Opus  Palatinum,  by  W.  Jordan  (1913). 
(h).  W.  G.  Raymond  (1915). 
(i).  R-  Shortrede  (1903). 

As  compared  with  the  older  and  fundamental  tables,  these,  of 
course,  have  much  better  typographical  arrangement  and  clearness, 
but  it  is  interesting  to  note  that  some  of  them  are  lacking,  as  differ- 
ences for  tabular  results  are  not  listed  as  extensively  as  in  the  cele- 
brated "Magnus  Canon"  (1596-1607),  of  G.  Joachim  Rheticus,  the 
greatest  of  all  the  table  computers,  to  whom  is  also  due  the  canon  of 
sines  by  Pitiscus  (1613).  The  latter  are  rare,  as  indicated  by  a  price 
of  £36  15s.  and  £21,  respectively. 

Other  tables  with  which  American  engineers  may  be  more  familiar 
are:  Vega's  logarithmic  tables;  Bruhn's  logarithmic  tables;  Button's 
tables  of  logarithms  of  Numbers  1  to  108  000,  and  tables  of  logarithmic 
and  natural  trigonometric  functions,  etc.;  Searles  and  Nagle's  hand- 
books; etc.  » 

Button's  and  Pryde's  productions  are  very  valuable,  as  they  contain 
several  tables  which  are  not  found  in  the  books  which  are  more 
prevalent  at  the  present  day.  In  the  1822  edition  of  Hutton  may  be 
found  a  very  valuable  bibliography  of  tables,  if  the  reader  cares  to 
search  for  information  relative  to  this  subject.  Other  sources  of 
information  are:  Glaischer's  article  on  "Mathematical  Tables"  in  the 
11th  Edition  of  the  Encyclopaedia  Britannica ;  and  William  Wesley  and 
Son's  Natural  History  and  Scientific  Book  Circular  No.  147. 

The  writer  submits  the  following  propositions  which  should  govern 
in  the  future  preparation  of  trigonometric  canons : 

Proposition  I. — Ninety  degrees  to  the  quadrant  is  and  has  been 
used  so  generally  that  it  is  necessary  to  adhere  to  this  use. 
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Proposition  II. — The  degree  should  be  decimally  divided.  Deci- 
mal division  of  the  degree  is  the  best  for  rapid  computation,  espe- 
cially where  the  computations  are  extended,  as  in  triaugulation  work. 
Arguments  for  such  use  may  be  seen  in  the  preface  of  Professor 
W.  G.  Raymond's  "Field  Manual."  In  addition  to  these  arguments, 
the  following  may  be  stated :  it  is  easier  (a)  to  secure  values  where 
interpolation  is  necessary;  (b)  to  average  a  set  of  readings  of  angles; 
(c)  to  write  an  expression  for  an  angle;  (d)  to  avoid  confusion 
with  the  abbreviations  for  feet  and  inches;  (e)  to  plot  curves  on 
decimally  divided  curve  sheets;  etc. 

Proposition  III. — Differences  should  be  listed  in  a  column  ad- 
jacent to  all  values  given,  preferably  set  half  way  between  horizontal 
lines,  in  smaller  and  somewhat  lighter  type. 

Proposition  IV. — The  tables  should  be  seven-place.  Computa- 
tions should  be  carried  out  one  place  farther  than  held  measure- 
ments, and,  consequently,  seven  places  is  not  too  great  a  refinement 
for  steelwork,  triangulation,  etc.  Besides,  if  one  uses  a  computing 
machine,  seven-place  fimctions  are  as  easily  manipulated  as  five-place. 

Proposition  V. — The  proposed  book  would  be  one  of  natural  func- 
tions only.  Owing  to  the  fact  that  no  engineer  who  wishes  to 
accomplish  computations  speedily  will  attempt  to  work  without  a 
computing  machine,  logarithmic  functions  should  not  be  tabulated, 
as  they  are  more  cumbersome  than  natural  functions  when  using 
a  computing  machine.  In  addition,  natural  functions  have  the 
advantage  that  actual  figures  for  each  partial  computation  are  had, 
and  an  observation  check  as  to  the  relative  size  of  the  part  of  the 
triangle  being  solved  is  readily  made. 

Proposition  VI. — The  book  should  be  thumb-indexed.  Page  num- 
bers should  be  omitted,  as  they  are  apt  to  be  confused  with  degree 
numbers.  Each  page  should  contain  1°,  with  arguments  to  0.01, 
except  as  noted  under  the  following  proposition. 

Proposition  VII. — The  book  should  have  four  canons,  as  follows : 
Canon   I. — (Semi-quadrantal   arrangement,   0°    to   44°    at  top   of 
page,  45°  to  89°  at  bottom  of  page.) 
Sine — Difference — Coversine  (difference  serving  for  both) ; 
Chord — Difference ; 
Co-chord — Difference ; 
Versine — Difference — Cosine    (difference   serving   for   both). 
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CaBon  II. — (Quadrantal  arrangement,  0°  to  89°  at  top  of  page 
for  tangent  and  secant,  0°  to  89°  at  bottom  of  page  for 
cotangent  and  cosecant.) 

Tangent  (cotangent  same  tabular  value) — Difference; 

Secant  (cosecant  same  tabular  value) — Difference. 

Canon    III. — (Quadrantal    arrangement,    0°    to    89°    at    top    of 
page.) 
Chord  of  the  supplement — Difference. 

Canon   IV. — (Biquadrantal   arrangement,   0°   to   179°    at  top   of 
page.) 
Arc  in  terms  of  radius — Difference; 
Are  in  terms  of  circumference — Difference; 
Area  of  segment  in  terms  of  circumscribing  square — Difference. 

Canon  II  should  have  arguments  to  0.001°  between  84°  and  90°. 

Where  the  versine  approaches  zero,  the  cosine  approaches  unity, 
and  the  secant  (also  cosecant,  as  it  is  the  same  tabular  value) 
approaches  unity,  values  should  be  listed  as  indicated  by  the  nota- 
tion used  in  Merriman's  "Civil  Engineers'  Pocketbook,"  page  1295, 
thus :  0.0,^1259  indicates  that  the  O3  is  to  be  replaced  by  three  ciphers. 
As  usually  tabulated,  these  values  are  not  comparable  with  other 
values  listed  in  a  seven-place  table,  because  of  the  succession  of 
similar   figures. 

Proposition  VIII. — As  indicated  previously,  there  would  be  re- 
quired twelve  columns  in  Canon  I  (including  the  arguments  at  each 
side  of  the  page),  which  would  not  be  exceeded  by  any  of  the  other 
canons,  and,  therefore,  would  govern  in  the  size  of  page  required. 
For  an  office  book,  therefore,  a  relatively  large  book  would  be  neces- 
sary, in  order  to  tabulate  twelve  columns  for  one  hundred  arguments. 
If  printed  on  heavy  paper,  in  large  type,  such  a  book  would  have 
the  advantage,  however,  of  remaining  open  when  laid  flat  on  a  desk 
or  table. 

In  such  a  book  of  tables  as  outlined  herein,  there  would  be 
approximately  294  000  printed  values,  of  which  65  334  would  be 
arguments,  and  229  656  would  be  tabular  values  which  would  have 
to  be  computed. 

With  about  1200  printed  values  per  page,  the  book  would  require 
about  246   pages.     If,   however,   each  page  showed   a   separate  degree 
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(except  for  Canon  II,  84°  to  90°),  a  book  of  about  459  pages  would 
be  required.  The  book  should  be  provided  with  an  explanation 
of  the  use  of  the  tables  with  the  use  of  the  various  computing 
machines;  and  especially  of  the  values  tabulated  under  "Area  of 
segment  in  terms  of  the  circumscribing  square." 

A  page  or  two,  as  necessary,  might  be  devoted  to  a  conversion 
table  from  minutes  and  seconds  to  decimals  of  a  degree. 

The  writer  submits  this  paper  with  the  belief  that  such  a  book 
of  tables  is  not  available,  even  in  the  usual  form  of  degrees  and 
sixtieths  (minutes),  and  that  engineers  will  gradually  see  the  merits 
ocf  the  decimal  division  of  the  degree,  just  as  they  have  seen  the 
merits  of  the  decimal  division  of  the  foot. 
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DISCUSSION 


Mr.  WiLLL\M  G.  Eaymonp*  M.  Aif.   Soc.   C.  E.   (by  letter).— Without 

aymoiK .  ^^^|^^^  ^-^^^  l^^^j.  proposed  by  Mr.  Eberly  would  be  of  value  to  a  certain 
class  of  computers,  but  it  is  thought  that  it  would  be  altogether  too 
large  for  general  use.  It  is  proposed  to  have  one  degree  on  a  page, 
with  the  degree  divided  decimally.  This  would  require  a  hundred 
lines,  besides  the  headings,  and  would  mean  a  page  running  from 
about  14:  to  17  or  18  in.  long.  The  book,  therefore,  would  be  very 
unwieldy,  and,  of  course,  could  not  be  used  at  all  for  field  operations. 
The  writer  is  a  champion  of  the  decimal  division  of  the  degree, 
being  the  author  of  the  "Field  Manual"  referred  to  by  Mr.  Eberly, 
and  is  also  a  champion  of  five-place  tables  for  field  use,  but  realizes 
that  seven-place  tables  are  absolutely  necessary  for  certain  office 
computations,  although  not  for  the  office  solution  of  field  problems. 
Nor  is  it  practicable  to  use  a  computing  machine  for  field  calcula- 
tions. Therefore,  there  must  be  two  classes  of  tables.  Indeed,  perhaps, 
there  should  be  three  classes:  one  set  for  the  great  bulk  of  engineering 
computations  that  require  not  more  than  four-place  tables;  these 
'  should  be  of  natural  functions  for  use  where  computing  machines  are 

available,  but  of  logarithmic  functions  where  computing  machines  are 
not  available;  and  until  computing  machines  are  very  much  reduced 
in  cost,  they  will  not  be  generally  available  for  school  classes  or  for 
offices  having  only  a  moderate  quantity  of  computing  work.  The 
second  class  should  be  five-place  tables  for  field  use,  and,  for  this 
purpose,  as  computing  machines  are  not  available,  the  tables  should 
be  logarithmic.  It  has  been  shown  that  the  labor  of  computation  is 
increased  about  50%  by  the  use  of  five-place  instead  of  four-place 
tables,  and  about  one-third  by  the  use  of  six-place  instead  of  five- 
place  tables;  and  no  ordinary  field  work  is  done  with  such  precision 
as  to  warrant  results  certain  to  more  than  four  significant  figures,  for 
which  five-place  tables  give  siifficiently  exact  results.  Certain  city, 
bridge,  and  geodetic  surveys  are  made  with  greater  precision,  and 
require  more  extensive  tables.  The  seeming  precision  of  six-place 
over  five-place  tables  is,  for  practically  all  ordinary  field  purposes, 
merely  a  seeming,  but  it  appears  to  require  great  strength  of  mind 
on  the  part  of  engineers  to  realize  this  sufficiently  to  conform  their 
practice  to  this  truth.  In  the  writer's  judgment,  there  is  really  little 
excuse  for  six-place  tables,  five-place  tables  being  all-sufficient  for 
ordinary  field  operations  and  seven-place  tables  being  required  for 
work  of  higher  precision,  comparatively  little  work  of  an  intermediate 
degree  of  precision  being  done.  Therefore,  the  third  class  of  tables 
should  be  seven-place. 

*  Iowa  City,  Iowa. 
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Objection  has  been  made  to  the  use  of  the  decimal  division  of  the  Mr. 
degree  on  the  ground  that  it  will  cause  the  same  confusion  that  is 
imagined  by  the  objectors  to  the  introduction  of  the  metric  system; 
but  this  is  not  true,  because  there  is  no  change  of  the  unit.  The  unit 
is  the  degree,  or  one-ninetieth  of  a  quadrant,  and  as  Americafi  sur- 
veyors and  engineers  have  long  since  adopted  for  practically  all  field 
work  the  decimal  division  of  the  linear  unit,  there  would  seem  to  be 
no  logical  reason  for  not  adopting  the  decimal  division  of  the  angle 
unit.  The  adoption  of  the  decimal  division  of  the  degree  would  not 
lessen  the  value,  or  interfere  with  the  ready  reading,  of  any  old  records, 
but  would  materially  lessen  field  work  and  the  chances  of  error  in 
passing  from  decimal  to  sexagesimal  fractions,  an  operation  that 
occurs  in  almost  every  field  calculation  involving  angles. 

Summarizing,  the  writer  supports  Mr.  Eberly  in  his  first  and 
second  propositions;  namely,  that  there  should  be  90°  to  the  quadrant, 
and  that  the  degrees  should  be  divided  decimally;  with  his  fourth 
proposition,  where  tables  are  to  be  used  for  ofiice  computation  of  high 
precision  work;  with  his  fifth  proposition  that  the  tables  should  be  of 
natural  functions  only  in  case  computing  machines  are  to  be  used; 
and,  in  part,  with  his  sixth  proposition,  that  the  book  should  be  thumb- 
indexed  and  page  numbers  omitted;  but  it  is  suggested  that  each 
page  should  contain  but  one-half  degree  when  the  arguments  are 
to  one  one-hundredth  of  a  degree,  in  spite  of  the  fact  that  this  would 
double  the  number  of  pages  for  the  angle  tables.  Proposition  VII 
the  writer  does  not  feel  competent  to  discuss.  The  canons  included 
should  cover  the  needs  of  all  computers  of  high-precision  work,  but 
possibly  the  book  should  be  arranged  so  that  it  could  be  published 
in  parts,  not  all  computers  having  need  of  all  the  functions  indicated. 
Perhaps  it  seems  a  bit  curious,  but  the  larger  the  page  the  larger 
should  be  the  type,  that  is,  the  greater  the  number  of  arguments  on 
a  page  the  larger  should  be  the  type,  so  that  placing  100  arguments 
on  a  page  instead  of  the  usual  60  (or  50  for  i°  with  decimal  division) 
will  increase  the  size  of  the  page  more  than  in  proportion  to  the 
number  of  arguments. 

Horace  Andrews,*  M.  Am.  Soc.  C.  E.  (by  letter). — The  author  in-  Mr. 
dicates  the  need  of  tables  such  as  those  mentioned  under  his  Sub-  •^°^'"^^^*- 
heading  g,  which  were  left  incomplete  by  the  death  of  Professor  Jordan, 
but  which,  in  all  probability,  would  have  been  completed,  as  he  had 
planned,  under  more  favorable  conditions  for  such  work.  The  author 
designs  to  have  the  computing  machine  supplant  the  usual  tables  of 
logarithms  of  numbers,  and  this  will  reduce  materially  the  size  of  his 
proposed  tables. 

*  Albany,  N.  Y. 
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Mr.  Referring  to  Mr.  Eberly's  numbered  propositions,  the  writer  would 

rews.  j^-j^j^g  .^.j^g  following  remarks  and  suggestions: 

Proposition  I. — The  use  of  the  90°  division  to  the  quadrant  cannot 
be  regarded  as  quite  general,  though  it  is  nearly  so.  It  may  be  ex- 
pedieflt  to  adhere  to  this  usage,  but  the  absolute  necessity  for  doing  so 
is  not  apparent.  There  are  many  tables  which  are  based  on  the  division 
of  the  quadrant  into  100  parts,  or  centesimal  degrees — frequently  indi- 
cated by  a  small  letter  g.  These  tables,  for  the  most  part,  are  from 
French,  German,  and  Italian  sources.  Instrument  makers  in  Europe 
quite  generally  advertise  their  readiness  to  furnish  circles  with  the  100° 
division  to  the  quadrant.  It  should  not  be  forgotten  that  the  metrical 
system  is  based  on  a  division  of  the  earth's  meridian  quadrant  into  100 
centesimal  degrees,  each  of  the  length  of  100  km.  Where  the  metrical 
system  is  in  use,  it  is  logical  also  to  adopt  the  centesimal  degree.  In 
certain  classes  of  work,  the  centesimal  division  has  not  only  all  the 
advantages  pertaining  to  the  decimally  divided  degree,  enumerated  by 
the  author  in  his  second  proposition,  but  others  arising  from  a 
quadrant  of  100  parts,  and  a  semicircle  of  200  parts  instead  of  180 
degrees.  Professor  Jordan*  carries  out  a  complete  traverse  computa- 
tion in  duplicate,  with  old  and  new  divisions  of  the  quadrant,  and 
remarks  that:  "With  the  continued  changing  by  z+r  180°  one  is  liable  to 
three  times  as  many  errors  of  computation  as  with  the  continued  chang- 
ing by  zt  200^."  The  convenience  of  having  angles  in  the  different 
quadrants  easily  located,  as  they  are  with  the  centesimal  degree  divi- 
sion, is  at  once  apparent. 

Proposition  II. — The  decimal  division  of  the  degree  seems  to  have 
been  proposed  originally  by  Henry  Briggs,  and  was  used  in  his  "Trigo- 
nometria  Britannica"  published  in  1633,  after  his  death;  but  this  divi- 
sion never  seems  to  have  had  any  extended  use.  It  was  revived  in 
Bremiker's  five-place  tables,  in  1872,  apparently  as  a  protest  against 
the  centesimal  degree,  for  Bremiker  remarks  in  his  preface  that  both 
systems  are  arbitrary,  and  indicates  that  a  preference  might  be  had  for 
a  division  of  the  entire  circle  into  1  000  parts  as  more  logical,  though 
he  confesses  that  it  might  not  be  easy  to  have  the  division  of  the  day 
into  decimal  hours  adopted.  The  writer  agrees  with  the  author  that 
the  decimal  division  of  the  90°  to  the  quadrant  has  attractions,  but, 
many  years  ago,  when  he  endeavored  to  make  use  of  Bremiker's  tables, 
he  found  the  difficulties  too  great  in  the  changes  continually  made 
necessary  in  using  other  tables,  namely,  the  Ephemeris,  where  the 
sexagesimal  division  must  be  used  first  and  then  a  conversion  made 
into  the  decimal. 

The  writer  is  of  the  opinion  that  the  change  from  sexagesimal  to 
decimal  division  of  the  degree  will  be  more  difficult  than  the  introduc- 

*  "Vermessungskiinde",  2d  ed,,  1877. 
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tion  of  the  metric  system  of  weights  and  measures,  and  if  at  any  time       Mr. 
the  latter  is  to  be  adopted,  it  would  be  more  easy  to  use  the  centesimal    °  '^^^^ 
degree  than  it  would  be  to  adopt  a  decimally  divided  degree  of  one- 
ninetieth  part  of  the  quadrant. 

Proposition  III. — The  author  does  not  indicate  clearly  the  process  of 
interpolation  that  he  prefers,  that  is,  whether  he  would  use  the  small 
marginal  tables  of  proportional  parts,  usual  in  tables  of  logarithms,  or 
whether  he  prefers  to  give  only  differences  and  rely  on  the  slide-rule 
for  working  out  the  proportion,  which  is  the  process  favored  by  Jordan, 
and  may  be  more  easily  and  quickly  applied  to  the  larger  differences 
existing  in  seven-place  tables. 

Proposition  IV . — This  may  be  open  to  question.  Eight-place  tables 
are  now  required  for  mathematical  exactness  in  least-square  adjustment 
of  primary  triangulation  or  other  refined  geodetic  work;  but,  for  the 
work  usual  in  engineering,  even  where  a  very  high  degree  of  precision 
is  sought,  six  places  are  almost  always  more  than  sufficient,  and  furnish 
a  margin  of  precision  sufficiently  greater  than  that  of  the  field  measure- 
ments. As  Bremiker  points  out,  in  his  six-place  tables,  the  numerical 
work  of  interpolation  between  tabular  values  is  much  abbreviated  when 
the  number  of  decimals  used  is  reduced,  the  closeness  between  the 
arguments  remaining  the  same  as  in  the  seven-place  tables.  For  almost 
all  work  of  an  engineering  nature,  five-place  tables  are  quite  sufficiently 
precise.  The  degree  of  precision  thus  attainable  is  indicated  in  some 
of  the  editions  of  Gauss'  five-place  tables,  which  seem  to  have  passed 
through  a  greater  number  of  editions  than  any  having  a  greater  num- 
ber of  decimals.  Aiiy  engineer  having  doubts  as  to  the  sufficiency  of 
five  places  of  decimals  should  carry  out  a  few  duplicate  computations, 
using  five  places  and  seven  places,  and  compare  his  results  with  the 
precision  of  his  field  measurements.  If  seven  places  should  be  chosen, 
as  the  author  prefers,  it  would  be  very  advisable  to  have  editions  with 
six  places  also  available,  on  account  of  the  greater  ease  of  interpolation 
with  the  six-place  table. 

Proposition  VI. — Thumb-indexing  may  be  difficult  of  application  to 
some  tables  where  only  a  few  pages  are  necessary;  they  also  somewhat 
jeopardize  the  edges  of  a  much-used  book.  Perhaps  colored  paper  could 
be  used  to  advantage — at  least  in  some  of  the  proposed  tables — to 
facilitate  their  use,  if  for  no  other  reason.  It  will  be  recalled  that 
Babbage  advocated  the  use  of  colored  paper  on  other  grounds;  he  con- 
sidered that  black  on  a  white  ground  was  a  fatiguing  combination  for 
the  eye,  but  it  does  not  appear  that  any  definite  conclusion  as  to  this 
was  reached  through  the  use  of  his  tables  on  paper  tinted  yellow,  brown, 
green,  etc.  Professor  Gillespie,  in  his  "Treatise  on  Land  Surveying" 
(1855),  had  his  tables  printed  on  a  yellowish-brown  paper,  following 
Babbage's  principle.  Merely  for  convenience  in  turning  to  a  certain 
portion  of  a  book,  the  use  of  colored  paper,  as  is  well  known,  is  fre- 
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Mr.  quently  adopted.  This  expedient  would  not  seem  to  lessen  the  useful- 
ness of  a  book  of  tables,  and,  if  Babbage  is  correct,  it  might  prove  of 
value.  Colored  edges  to  tables  were  used  in  the  ''Tables  de 
Logarithmes,"  Paris,  1868,  of  J.  Dupuis,  red  edges  being  used  on  the 
tables  of  the  circular  functions. 

Proposition  VIII. — The  mechanical  execution  of  a  book  of  tables 
subject  to  continuous  and  severe  use  is  a  matter  of  great  importance. 
The  book  projected  by  the  author  might  be  furnished  in  paper  covers 
and  unstitched,  as  in  many  foreign  books,  so  that  those  purchasers  who 
wished  to  do  so  could  have  a  strong  hand-binding  in  place  of  the  usual 
poorly  attached  "cases."  The  writer  would  suggest  hand-sewing,  all 
along,  on  five  bands  or  tapes — flexible  sewing — on  the  outside  of  the 
sections;  all  bands  to  be  strongly  attached  to  the  covers  and  the  whole 
covered  with  a  good  grade  of  buckram  or  other  durable  fabric,  in  place 
of  the  inferior  leathers  generally  used  commercially.  The  thinness  of 
sections  in  the  folio  make-up  advocated  by  the  author  would  also  be 
conducive  to  flexibility.  There  is  no  reason  for  not  adopting  the  same 
manner  of  folding  sections  in  an  octavo,  if  thought  advisable. 

As  there  is  little  likelihood  at  present  of  any  change  from  the  sex- 
agesimal division  of  the  degree,  it  would  seem  prudent  to  adhere  to  that 
method  of  division  if  the  proposed  tables  are  to  have  any  extended  use. 

Mr.  George  A.  Christensen,^  Assoc.  M.  Am.  vSoc.  C.  E.  (by  letter). — 

■  The  writer  believes  that  a  well-arranged  set  of  tables,  in  convenient 
book  form,  and  in  accordance  with  the  lines  proposed,  would  be  of  great 
value  to  the  Profession.  It  is  generally  realized,  of  course,  that  to 
edit  such  a  book  would  be  a  work  of  love,  and  not  one  for  profit. 
Mr.  Raymond's  comments  have  added  practical  specifications  to 
the  premises,  and  should  be  observed  in  case  such  a  book  of  tables  is 
prepared. 

Attention  is  invited  to  Fig.  1  reproduced  from  a  photograph  show- 
ing an  arrangement  of  multiplication  tables,  which  could  be  applied 
to  any  table  of  natural  or  logarithmic  functions.  The  writer  has 
experimented  with  logarithmic  tables  arranged  after  this  form,  and 
has  found  that  they  could  be  used  more  expeditiously  than  the  con- 
ventional form.  This  is  true,  also,  of  tables  of  natural  functions, 
or  of  any  other  mathematical  tables  capable  of  being  arranged  in 
groups,  as  shown  in  Fig.  1.  The  advantage  lies  in  the  logical  arrange- 
ment, the  prominence  of  the  index  number,  and  that  all  numbers — 
for  example,  1  to  100 — are  found  on  the  two  pages  where  the  book  opens. 
All  functions  pertaining  to  the  index  number  with  its  decimals  are 
located  by  arguments  which  are  decimal  co-ordinates,  so  to  speak,  of 
the  functions  sought.  In  this  way  any  desired  number  is  very  readily 
found.  The  ten  indexes  are  divided  into  two  parts,  forming  the  left- 
hand  and  right-hand  i)ages  of  the  book  wherever  it  is  opened. 

*  San  Diego,  Cal. 
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Attention  is  called  to  the  form  of  index  cutting  of  the  book  shown  Mr. 
by  Fig.  1.  By  actual  trial  it  is  found  that  the  book  can  be  rapidly  leafed 
through,  and  any  desired  page  quickly  found  by  using  only  one  hand. 
Another  novelty  is  that  the  book  is  left-handed;  it  is  operated  with 
the  left  hand,  the  right  hand  being  free  to  use  the  pencil  or  pen  to 
make  notations;  it  is  truly  a  one-handed,  left-handed  affair.  As 
an  office  appliance,  it  makes  for  efficiency,  and,  if  a  book  of  mathe- 
matical tables,  such  as  proposed  by  Mr.  Eberly,  is  published,  the 
writer  would  recommend  that  the  form  described  herein  be  adopted. 
The  book  was  compiled  by  the  writer,  and  a  copy  may  be  found  in 
the  Engineering  Societies  Library. 

Virgil  A.  Eberly,*  Assoc.  M.  Am.  Soc.  C.  E.  (by  letter). — The  Mr. 
writer  is  obliged  to  concede  that  the  tables  he  proposes  would  not  be 
useful  to  all  classes  of  computers,  as  the  title  of  the  paper  indicated. 
Nevertheless,  for  triangulation,  precise  surveying,  or  structural  work 
involving  large  numbers  of  connected  triangles,  such  tables  would 
save  much  time  where  the  computing  machine  is  used.  He  wishes 
particularly  to  emphasize  the  fact  that  the  need  of  such  tables  has 
been  brought  about  by  the  use  of  computing  machines. 

Such  machines  require  a  decimal  system  unless  they  are  used 
for  addition  and  subtraction  only,  and,  if  their  use  is  thus  restricted, 
they  lose  much  of  their  value;  besides,  special  machines  departing 
from  the  decimal  system  are  costly  and  of  limited  use.  The 
solution  of  triangles  calls  for  a  machine  with  decimal  arrangement, 
capable  of  performing  multiplication,  division,  and  extraction  of  square 
root.     The  machine,  in  turn,  calls  for  a  decimal  division  of  the  unit. 

Mr.  E.  V.  Huntington,  of  Harvard  University,  has  compiled  and 
published  four-place  tables  using  a  decimal  division  of  the  degree,  and 
has  five-place  tables  in  course  of  preparation,  which,  together  with 
the  fact  that  Mr.  Raymond  has  published  similar  tables,  would  show 
that  they  are  no  longer  experimental.  The  tables  published  by  Mr. 
Huntington  and  Mr.  Raymond  do  not  possess  all  the  facilities  for 
interpolation,  nor,  in  the  number  of  canons,  are  they  as  extensive  as 
those  proposed  by  the  writer. 

Answering  the  question  as  to  the  method  of  interpolation,  raised 
by  Mr.  Andrews,  the  writer  prefers  only  the  differences  between  con- 
secutive values,  set  half  way  between  the  values.  These  differences 
are  absolutely  essential  to  speed  with  the  computing  machine,  and  are 
all  that  are  required,  under  any  circumstances,  with  a  machine. 

The  writer  agrees  with  Mr.  Raymond  that  five-place  require  less  time 
to  operate  than  seven-place  tables,  but  this  difference  is  much  less  when 
a  computing  machine  is  used.  Besides,  the  writer  finds  that,  with  a 
seven-place  canon,  having  differences  between  consecutive  values  listed, 
much   greater   speed   can  be  obtained  than  with   a  five-place   canon 

*  Washington,  D.  C. 
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Mr.     without  such  differences,  when  it  is  necessary  to  interpolate,  as  fre- 
'^'^  ^  quently    occurs    in    the   classes    of   work    indicated    previously.      This 
refers,  of  course,  to  use  with  a  computing  machine. 

The  objection  which  Mr.  Raymond  urges,  of  having  100  arguments 
per  page,  involves  that  which  may  be  urged  against  many  books  of 
tables,  namely,  that  the  required  length  is  somewhat  great.  However, 
the  writer  believes  that  the  advantage  of  having  one  degree  per  page 
would  offset  this  disadvantage.  The  book  would  not  have  the  disad- 
vantage of  many  works,  that  is,  too  great  thickness,  as  it  would  have 
less  than  500  pages.  If  the  work  were  given  the  same  size  of  type 
as  that  used  in  the  natural  functions  in  "Mathematical  Tables",*  with 
the  same  groups  of  five  arguments  and  size  of  page  margins,  a  page 
11^  in.  deep  would  be  required.  The  writer  cannot  see  that  such 
type  would  be  too  small,  as  tables  are  generally  used  with  a  straight- 
edge, regardless  of  the  size  of  type.  The  five-group  is  much  preferable 
to  the  ten-group  arrangement. 

The  writer  intended  to  state  in  the  paper  that,  in  case  thumb- 
indexing  is  used,  it  should  be  confined  to  the  different  canons  only, 
and  not  to  the  various  degrees  under  one  canon,  as  the  latter  would 
be  so  numerous  as  to  render  it  worthless.  The  writer  believes  that  an 
arrangement  such  as  suggested  by  Mr.  Christensen  could  be  devised 
which,  if  tough,  heavy  paper  was  used,  would  be  preferable  to  ordinary 
thumbrindexing. 

He  does  not  see  that  the  question  of  the  number  of  degrees  per 
quadrant  affects  the  situation,  but  adheres  to  the  preference  for  90, 
because  the  latter  will  save  much  interpolation. 

The  tables  which  are  available  for  the  classes  of  work  previously 
mentioned,  are  not  well  adapted  to  the  computing  machine,  principally 
because  they  were  compiled  before  the  day  of  the  latter.  Machines 
are  now  available  at  a  cost  of  $250  or  $300,  and  render  the  compu- 
tation of  work  at  a  speed  undreamed  of  when  the  tables  now  in  use 
were  compiled.  The  saving  in  time  and  accuracy  soon  overbalances 
the  cost  of  the  machine. 

Referring  to  the  question  of  the  number  of  places  in  the  tables,  it 
is  desired  to  remind  Mr.  Andrews  that  a  seven-place  value  is  the  largest 
that  one  can  accurately  carry  in  mind.  This  should  be  given  due 
consideration  in  the  compilation  of  a  proposed  work. 

»  Edited  by  James  Pryde,  and  published  by  W.  and  R.  Chambers,  London,  1899. 
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A  PHENOMENAL  LAND  SLIDE- 
SUPPLEMENT 

By  D.  D.  Clarke,  M.  Am.  Soc.  C.  E. 


With  Discussion  by  Messrs.  George  L.  Dillman  and  D.  D.  Clarke. 


Synopsis. 

In  1904  the  writer  prepared  an  accomit*  of  a  land  slide  at  Portland, 
Ore.,  about  30  acres  in  extent,  which  was  first  observed  during  1894, 
while  the  construction  of  two  of  the  City's  distributing  reservoirs 
was  in  progress,  and  resulted  in  putting  these  reservoirs  out  of  service 
for  a  period  of  nearly  10  years. 

The  original  paper  brought  the  history  of  the  slide  down  to  the 
early  part  of  1904,  and  described  in  considerable  detail  the  various 
steps  taken  to  determine  the  cause  of  the  movement,  its  rate  of  progress, 
and  the  boundaries  of  the  moving  ground,  as  well  as  the  efforts  made 
to  retard  the  movement  and  counteract  its  effect. 

The  purpose  of  the  present  paper  is  to  continue  the  history  of  the 
slide  down  to  date;  to  describe  the  construction  of  additional  drainage 
tunnels  supplementing  the  original  drainage  system;  and  to  note  also 
the  results  of  surveys  made  at  regular  dates  during  the  intervening 
period,  as  well  as  to  describe  the  character  and  extent  of  the  reservoir 


*  "A  Phenomenal  Land  Slide,"  Transactions,  Am.  Soc.  C.  E.,  Vol.  Llll    (1904), 
p.   322. 
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repair  work  undertaken  in  1904,  and  completed  successfully  since  that 
date,  thus  restoring  the  reservoirs  and  permitting  of  their  uninter- 
rupted use  during  the  past  12  years. 


Historical  Notes. 


As  a  preliminary  to  the  present  paper,  the  following  brief  sum- 
mary of  the  original  paper  is  submitted:  During  1894  the  Water 
Board  of  the  City  of  Portland  built  two  small  reservoirs,  each  having 
a  capacity  of  about  16  000  000  or  17  000  000  gal.,  situated  in  a  small 
ravine  in  the  City  Park,  about  2  miles  from  the  business  center  of  the 
city,  and  designed  to  supply  the  West  Side,  or  main  business  district. 

A  short  time  before  these  reservoirs  were  completed  a  movement 
of  the  adjacent  hillside  was  detected,  which,  at  first,  was  thought  to 
be  entirely  local  and  of  minor  importance.  The  work  of  construct- 
ing the  reservoirs  was  thereupon  pushed  to  completion,  but  the  reser- 
voir basins  had  scarcely  been  filled  before  the  real  magnitude  of  the 
movement  became  apparent. 

The  reservoir  basins,  therefore,  were  emptied  at  once,  and  instru- 
mental surveys  were  promptly  commenced  in  order  to  determine  the 
extent  of  the  slide.  These  surveys  have  since  been  continued  at  reg- 
ular intervals,  and  by  their  results  and  a  series  of  test  borings  and  oi)en 
shafts  subsequently  made  and  observed  for  a  period  of  years  (33  wash- 
drill  borings  and  22  open-shaft  excavations  reaching  to  bed-rock),  the 
dimensions  of  the  moving  ground  were  at  length  determined  to  be 
approximately  1  700  ft.  from  east  to  west,  and  1 100  ft.  from  north 
to  south  along  the  reservoir  front — an  area  of  approximately  29^ 
acres — the  depth  ranging  from  46  to  112  ft.,  the  average  being  77.8  ft. 
The  approximate  volume  was  3  400  000  cu.  yd.,  and  the  approximate 
weight  4  600  000  tons. 

The  borings  and  open  shafts  revealed  the  presence  of  a  thin  seam 
of  blue  clay  along  the  surface  of  the  bed-rock,  with  numerous  water 
pockets  in  immediate  connection  therewith,  several  of  the  underground 
water  pockets  having  considerable  volume.  Two  of  the  largest  of 
these  water  pockets  were  drained  with  pumps  (the  total  pumpage  aggre- 
gating several  million  gallons)  with  a  marked  deterrent  effect  on  the 


PLATE  XX. 

TRANS.   AM.  SOC.  CIV.  ENGR8. 

VOL.  LXXXn,   No.   1415. 

CLARKE  ON 
A  PHENOMENAL  LAND  SLIDE. 


COMPARISON  OF  MONTHLY  RAINFALL  WITH  MOVEMENT  OF  SLIDE 
From  January,  1895,  to  December,  1916 


yy  I  k^ 


§:§: 


^3- 


'U 


w 


"OT" 


"W 


"WT 


n 


W 


■^i" 


u^y  m 


m  Ly 


TH" 


"EST 


'-^ 


tin. 
Sin. 
4  in. 

3lQ. 

2  in. 
lln. 
Oin. 
Sin. 
2  in. 
lln. 
Oin.  ■ 


11 


IRAINFALL    1895.1916| 


Lr 


Oin, 
3  In. 


I^i 


:^T" 


Pumping  in 
progress  from 
Shafta  1-U  &  18 


Construction  of 
Jraiuage  Tiin- 
it:l  iu  [irogress 


HI 


i  I  I  I  I  I  I 


ConstructioQ  of 

Drainacfe  Tunnels 

iu  process 


^■ 


tin. 

Oin. 


O"    -     -     -    O'l 


MOVEMENT  OF  SLIDING  LAND 


.nts 


P 


|i 


A   PHENOMENAL  LAND  SLIDE  769 

movement  of  tlie  slide,  as  indicated  by  the  periodical  instrumental 
surveys. 

Comparisons  of  Weather  Bureau  records  of  precipitation  with  the 
monthly  movement  of  the  slide  indicated  a  close  relationship  between 
the  two — if  it  did  not  offer  absolute  proof  that  the  rate  of  movement 
of  the  slide  depended  on  the  volume  of  the  rainfall  during  any  series 
of  months. 

After  a  study  of  all  the  observed  conditions,  it  at  length  became 
clear  to  the  Water  Board  Engineers  and  the  experts  called  into  consul- 
tation, that  the  probable  remedy  was  the  construction  of  a  system  of 
drainage  tunnels  along  the  surface  of  the  bed-rock,  and  that  these 
should  be  located  so  as  to  tap  the  underground  reservoirs  which  had 
been  developed  by  the  borings  and  open  wells. 

In  accordance  with  the  decision  then  reached,  a  total  of  2  507  lin. 
ft.  of  such  drainage  tunnels,  with  timber  supports,  was  constructed 
between  June,  1900,  and  December,  1901,  at  a  total  cost  of  $14  161.14, 
or  an  average  cost  of  $5.65  per  lin.  ft.  for  materials  and  labor. 

The  results  secured  by  the  construction  of  these  drains  were  con- 
sidered very  satisfactory,  and  for  a  time  it  appeared  as  if  the  slide 
problem  had  been  fully  solved.  That  this  confidence  was  not  entirely 
unwarranted  will  appear  from  a  study  of  the  diagram  showing  the 
monthly  rate  of  movement  as  compared  with  the  rainfall  for  the  years, 
1895  to  1903,  inclusive.  This  is  shown  as  Plate  XXV  of  the  original 
paper,  and  in  Plate  XX  the  data  are  reproduced  and  extended  to  cover 
the  period  which  has  elapsed  since  the  surveys  were  commenced.  This 
diagram  shows  the  average  movement,  per  quarter,  at  approximately 
50  stations  along  the  central  portion  of  the  slide  from  east  to  west. 

The  volume  of  drainage  from  the  tunnels  was  carefully  observed 
for  the  2  years  following  their  completion,  and  was  found  to  range 
from  10  000  to  15  000  gal.  per  day  in  summer,  and  from  25  000  to 
75  000  gal.  per  day  in  winter;  and  at  the  end  of  2  years  it  was  decided 
that  the  drains  were  doing  effective  work  and  that  it  would  be  safe  to 
proceed  at  once  with  the  work  of  reservoir  repairs. 

Accordingly,  in  December,  1903,  the  writer  submitted  to  the  Water 
Board  a  report  on  the  condition  of  the  drainage  work,  stating  the 
reasons  why  it  appeared  to  be  entirely  safe  to  begin  at  once  the  work 
of  repairing  the  broken  reservoirs,  and  also  submitting  a  plan  for  a 
permanent  drain  inside  the  tunnels  already  constructed. 


770  A  PHENOMENAL  LAND  SLIDE 

Following  the  presentation  of  this  report,  the  Water  Board  author- 
ized an  appropriation  of  $100  000,  for  reservoir  reconstruction,  etc., 
divided  as  follows : 

For    tunnel    drains $  16  000 

Repairs  to  Reservoir  No.  3 36  000 

Repairs  to  Reservoir  'No.  4 32  000 

Roadway  west  of  Reservoir  No.  4 16  000 

Total    $100  000 

The  fourth  item  covered  the  construction  of  a  driveway  along  the 
west  side  of  Reservoir  No.  4,  connecting  with  existing  roadways 
around  Reservoir  No.  3. 

During  March,  1904,  immediately  following  the  adoption  of 
the  plan  for  tunnel  and  reservoir  repairs,  it  was  noted  that 
there  had  been  an  accelerated  movement  of  the  slide.  This  was 
reported  to  the  Water  Board  by  the  writer,  who  called  attention  to  the 
unusual  rainfall  during  the  preceding  4  months,  amounting  to  27% 
more  than  the  average  for  the  same  period  during  the  past  21  years. 

In  this  report  the  writer  stated  his  belief  that  the  increase  in  the 
movement  of  the  slide,  observed  since  the  winter  rains  began,  was  due 
to  the  excessive  rainfall,  and  that  additional  drainage  tunnels  should 
be  constructed  in  order  to  restore  the  equilibrium  indicated  by  the 
surveys  made  during  the  preceding  2  years.  The  writer  also  outlined 
a  number  of  branch  tunnels  which  he  thought  should  be  constructed. 

The  Water  Board  immediately  authorized  the  construction  of  these 
additional  drains,  and  the  work  of  completing  them  was  carried  for- 
ward in  connection  with  the  tunnel  and  reservoir  repair  work  pre- 
viously authorized. 

As  indicating  the  state  of  mind  of  the  Water  Board  at  this  junc- 
ture, it  is  interesting  to  note  that  on  March  29th,  1904,  the  day  the 
foregoing  tunnel  extensions  were  authorized,  the  Board  adopted  the 
following  resolution : 

"In  undertaking  the  repair  of  the  reservoirs  we  feel  the  obliga-. 
tion  to  preserve  the  land  lying  west  of  them  and  to  conserve  the  money 
so  far  expended  on  them,  as  far  as  we  can. 

"The  complete  system  of  drainage  tunnels  recommended  by  the 
Engineer  apparently  is  the  course  to  adopt. 
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"We  feel,  however,  that  we  cannot  be  confident  that  the  work  when 
completed  will  be  absolutely  permanent  and  without  possible  mishap. 

"Therefore  we  wish  at  this  time,  for  the  benefit  of  future  com- 
mittees, to  note  that  there  must  be  constantly  exercised  a  most  careful 
attention  and  a  readiness  and  preparation  for  the  possible  expenditure 
at  any  time  of  a  goodly  amount  for  repairs." 

In  view  of  the  foregoing  the  writer  is  pleased  to  note  that  only 
nominal  repairs  have  been  required  at  the  City  Park  reservoirs  since 
the  completion  of  the  tunnel  and  relining  work,  the  total  amounting 
to  only  a  few  hundred  dollars  for  the  12-year  period  which  has 
since  elapsed,  during  which  time  the  reservoirs  have  been  in  continuous 
service. 

Drainage  Tunnel  Extensions. 

The  construction  of  the  supplemental  tunnel  drains  already  noted 
was  commenced  early  in  the  season  of  1904,  and  was  continued  until 
1906,  when  the  system  of  drains  was  completed  in  accordance  with  the 
revised  plans. 

Plate  XXI  shows  the  location  of  these  drains  as  related  to  those  con- 
structed several  years  earlier.  These  tunnels  were  mainly  laid  out  from 
one  to  another  of  the  several  shafts  excavated  while  the  original 
exploration  work  was  in  progress. 

In  constructing  the  tunnels  the  excavated  material  was  hauled  from 
the  tunnel  heading  to  the  nearest  shaft  in  narrow-gauge  cars,  which 
were  then  hoisted  to  the  surface  and  dumped. 

The  timbers  used  for  tunnel  supports,  the  cars  and  track,  and  the 
elevator  cage  used  for  this  work  were  similar  to  those  designed  for 
the  original  tunnel  project,  as  shown  by  Pig.  1. 

Only  a  small  force  was  employed  on  this  work — one  or  two  crews 
at  different  points,  with  sometimes  two  shifts  per  day,  each  crew  con- 
sisting of: 

One  tunnel  man,  $3.00  per  day  of  10  hours. 

Two  helpers,  each  $2.25     "       "     "     "        " 

One  or  two  top  men      "     $2.25     "      "     "     " 
One  hoisting  engineer. 

The  timber  supports  were  framed  by  a  man  especially  detailed  for 
that  work. 

The  lumber  cost  from  $10  to  $12  per  1  000  ft.  b.  m.,  delivered  at 
the  shaft. 
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A  total  of  4  021  lin.  ft.  of  new  tunnel  was  built  between  April, 
1904,  and  August,  1906,  at  a  total  cost  of  $26  896.20,  exclusive  of 
engineering  and  superintendence,  or  an  average  of  $6.69  per  lin.  ft., 
as  compared  with  $5.65  per  lin.  ft.  for  work  of  a  similar  character 
completed  in  1900-01.  This  increase  in  cost  was  due  largely  to  the 
advance  in  the  prices  of  material  and  labor  during  the  intervening 
period.  In  1901  outside  laborers  were  paid  $2.00  per  day  of  10  hours, 
and  tunnel  men  $2.25  and  $3.00  per  day;  and  timber  cost  $8.50  per 
1  000  ft.  b.  m.,  delivered.  In  1904  and  1905  the  same  rate  per  diem 
was  paid  for  labor,  but  the  working  hours  were  reduced  from  10  to  8. 
This  is  equivalent  to  an  advance  of  25%  in  the  cost  of  labor;  at  the 
same  time  an  equal  or  greater  advance  had  taken  place  in  the  price 
of  timber  and  other  construction  materials. 

The  4  021  ft.  of  new  tunnels  added  to  the  length  originally  con- 
structed gives  6  528  lin.  ft.  in  the  complete  drainage  system. 

The  material  encountered  in  the  tunnel  extension  work  was  chiefly 
yellow  clay,  intermixed  with  fragments  of  basalt.  No  large  pockets  of 
water  were  discovered,  and  in  that  respect  the  work  did  not  accomplish 
all  that  was  anticipated,  but  the  aggregate  volume  of  drainage  from 
all  the  branches  has  been  large,  ranging  from  18  000  to  108  000  gal.  per 
day  during  some  years,  the  quantity  depending  on  the  season  of  the 
year  and  the  attendant  rainfall.  During  recent  years  the  volume  of 
this  drainage  has  been  somewhat  less  than  noted  above. 

Concrete  Tunnel  Culvert. 

It  was  realized  from  the  beginning  of  the  tunnel  work  in  1900  that 
the  timber  supports  would  soon  decay,  and  that  ultimately  a  more 
permanent  construction  would  have  to  be  adopted.  With  this  end  in 
view,  a  study  was  made  to  determine  the  best  method  of  lining  the 
tunnels  so  as  to  insure  the  permanency  of  the  drains. 

The  design  finally  adopted  for  this  work  was  that  of  a  monolithic 
concrete  sewer,  28  in.  in  diameter,  to  be  built  entirely  inside  the  timber 
frames  supporting  the  sides  and  roof  of  the  tunnel. 

This  plan  was  a  modification  of  one  adopted  for  a  sewer  built  at 
Truro,  N.  S.,  in  1902,  Messrs.  Lee  and  Coffin  being  the  designing  engi- 
neers.* The  sewer  at  Truro  was  built  in  an  open  ditch,  and  the  arch 
was  of  brick,  the  chief  detail  of  interest  being  the  removable  centering. 

•  Engineering  Record,  August  30th,  1902. 
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For  the  Portland  work  the  arch  was  made  of  reinforced  concrete 
blocks,  12  in.  in  width  and  of  sufficient  length  to  span  the  opening 
between  the  side-walls.  The  advantages  claimed  for  this  method  of 
construction  as  applied  to  the  Portland  work  are  twofold: 


FORMS  FOR  CONSTRUCTING  CONDUIT 


o/y-o/^ 


'■O, 


o^ 


-2? 


SECTION  OF  TUNNEL  SHOWING    POSITION  OF  CONDUIT 


CONDUIT  AT  SHAFT 


PLAN  ADOPTED  FOR  CONCRETE  CONDUIT 
IN   DRAINAGE  TUNNELS  UNDER  SLIDING  LAND 
TRACT  WEST  OF  CITY  PARK  RESERVOIRS 
(1904) 

Fig.  2. 

Pirst,  the  base  and  sides  of  the  sewer  were  constructed  as  a  monolith, 
of  the  dimensions  shown  on  Fig.  2,  the  distance  between  the  side-walls 
permitting  a  man  to  move  freely  and  push  a  car  with  a  narrow  body. 
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All  construction  materials  were  transported  from  the  foot  of  the  nearest 
shaft  in  cars  running  on  a  narrow-gauge  track  laid  on  the  tunnel  sills, 
or  on  the  sewer  invert  after  it  had  been  built.  The  material  for  back- 
filling behind  the  side-walls  and  over  the  top  of  the  sewer  was  hauled  in 
the  same  manner. 

Second,  this  style  of  construction  made  it  possible  to  cast  the  arch 
blocks  a  sufficient  time  in  advance  to  permit  them  to  become  thoroughly 
seasoned  before  being  put  in  place,  and  consequently  the  work  of  back- 
filling was  not  delayed  while  waiting  for  the  setting  of  the  arch  and  the 
removal  of  its  supports. 

By  placing  only  a  few  of  the  arch  blocks  in  position  at  a  time  it  was 
possible  to  transport  the  back-filling  material  in  cars  to  within  a  few 
feet  of  the  heading,  thus  greatly  reducing  the  labor  of  shoveling  and 
tamping  required  to  back-fill  the  tunnel  properly. 

Fig.  2  shows  the  dimensions  of  the  arch  blocks  and  concrete  sewer, 
and  also  the  lining  of  the  shafts  and  the  connecting  sump  and  man- 
holes through  which  access  can  be  had  to  the  shafts  and  thence  to  the 
sewer  for  inspection  purposes,  steps  made  of  round  iron  rods  being  built 
into  the  side-walls  of  the  shafts. 

The  diameter  of  the  sewer  was  &Ked  at  28  in.,  that  being  the  min- 
imum size  which  would  admit  of  comfortable  inspection  from  end  to 
end  by  a  man  of  small  or  medium  stature. 

Of  twenty-two  shafts  originally  excavated,  seven,  at  suitable  points, 
were  permanently  lined  with  concrete;  the  others  were  filled  with  earth 
on  the  completion  of  the  tunnel  work. 

In  placing  the  arch  blocks  in  position,  the  ends  were  cemented  to 
the  side-walls,  but  no  attempt  was  made  to  close  the  crevices  between 
the  blocks  at  the  crown  of  the  arch.  This  space  of,  say,  i  in.  in  width 
for  every  foot  in  length  of  the  sewer,  was  left  open  so  as  to  admit  any 
seepage  water  which  might  percolate  into  the  tunnel  and  thence  to  the 
top  of  the  sewer. 

At  intervals  of  about  50  ft.  a  cut-off  wall  of  concrete,  6  in.  thick 
and  18  in.  high,  was  built  across  the  tunnel  from  side  to  side.  These 
walls  were  deep  enough  and  of  sufficient  length  to  cut  off  any  flow  of 
water  along  the  outside  of  the  sewer  walls.  The  water  is  conducted 
into  the  sewer  through  a  3-in.  opening  left  near  the  bottom  of  the 
invert  at  the  up-hill  side  of  each  cut-off  wall. 
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At  each  side  of  the  sewer  a  line  of  3-in.  drain  tile  was  laid,  connect- 
ing with  the  opening  into  the  sewer  at  intervals  of  50  ft.,  this  opening 
being  a  few  inches  above  the  upper  face  of  the  sewer  invert. 

The  construction  of  the  tunnel  conduit  was  commenced  in  May, 
1904,  and  the  relining  of  the  original  project  of  2  507  ft.  was  completed 
in  May,  1905.  The  relining  of  the  4  021  lin.  ft.  of  extension  tunnels 
was  commenced  in  1908  and  completed  in  1910. 

For  the  invert  and  side-walls  of  the  tunnel,  the  concrete  consisted  of 
one  part  Portland  cement,  two  parts  Columbia  River  sand,  and  three 
parts  of  Willamette  River  gravel  not  exceeding  1  in.  in  diameter,  all 
by  volume;  the  arch  blocks  were  composed  of  a  mixture  of  one  part  of 
cement  to  three  parts  of  concrete  sand,  mixed  dry  and  thoroughly 
rammed.  Two  i-in.  twisted  iron  rods,  12  in.  long,  curved  to  the  radius 
of  the  mould,  were  embedded  in  each  arch  block. 

The  construction  of  the  tunnel  conduits  was  carried  forward  by  a 
small  crew  of  men  in  connection  with  the  work  of  excavating  new 
tunnels  and  the  repair  of  the  reservoir  linings  in  progress  during 
1904. 

The  concrete  materials  used  in  the  work  were  furnished  by  the 
contractor,  who  delivered  materials  of  the  same  class  for  the  reser- 
voirs; the  mixing  and  laying  of  the  concrete  were  done  by  day's  labor 
under  the  direction  of  the  Department  foreman.  The  tunnel  foremen 
were  paid  $3.00  per  day,  and  other  inside  labor  $2.25  per  day. 

Detailed  costs,  kept  during  the  period  from  June  1st,  1904,  to  June 
1st,  1905,  showed  that  2  746  lin.  ft.  were  completed  at  an  average  cost 
of  $3.20  per  lin.  ft.  for  the  materials  and  labor  for  constructing  the 
conduit  and  back-filling  the  tunnel. 

Repair  of  Reservoirs  Nos.  3  and  4,  m  1904. 

One  effect  of  the  slide  had  been  to  shatter  badly  the  concrete  lining 
on  the  western  slopes  of  both  reservoirs,  and  the  problem  was  to  replace 
this  lining,  and  also  to  reinforce  the  old  lining  on  the  bottom  and  on 
the  eastern  slopes  of  the  reservoirs,  so  as  to  insure  that  the  basins  should 
be  thoroughly  water-tight. 

As  originally  built^  the  lining  of  these  reservoirs  consisted  of 
cement  concrete  placed  on  the  bottom  and  sides  of  the  basins,  the  sides 
having  been  graded  to  a  uniform  slope  of  about  1  to  li.  In  places 
where  the  material   forming  the  slopes  was   of  a  rocky   character   a 
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layer  of  clay  and  gravel  puddle,  8  in.  thick,  had  been  placed  under  the 
concrete.  For  the  purpose  of  supporting  and  anchoring  the  lining  to 
the  slopes,  a  network  of  i-in.  twisted  iron  rods  was  embedded  in  the 
concrete  about  midway  between  the  upper  and  lower  faces.  These  rods 
were  about  20  in.  apart,  and,  at  intervals  of  about  10  ft.,  they  were 
anchored  to  the  tops  of  concrete  posts,  about  8  in.  in  diameter  and 
3  ft.  long,  moulded  in  place  in  the  slopes. 

A  system  of  4-in.  tile  drains  under  the  western  slopes  also  formed 
a  part  of  the  original  plan.  These  drains  were  about  30  ft.  apart, 
and  extended  up  and  down  the  slopes.  The  trenches  in  which  they  were 
placed  were  about  12  in.  deep,  and  were  filled  with  coarse  sand  after  the 
tiling  was  laid. 

During  the  few  months  the  reservoirs  were  in  use  in  1895  it  was 
demonstrated  beyond  question  that  the  original  linings  were  not  as 
effective  as  they  were  designed  to  be.  The  case  was  a  complicated 
one,  for,  in  addition  to  the  original  thickness  of  the  concrete  and  the 
underlying  layer  of  puddle  or  compacted  earth,  the  concrete  was  laid 
in  sections  with  an  expansion  joint  i  in.  wide  running  up  and  down  the 
slopes  at  intervals  of  from  12  to  20  ft.  For  the  lower  half  of  these 
joints  the  concrete  of  adjoining  sections  was  laid  in  close  contact,  but 
without  attempting  to  form  a  thorough  bond;  the  upper  half  of  the 
joint  was  filled  with  asphalt  or  asphaltic  mastic,  the  entire  upper  sur- 
face of  the  lining  then  being  covered  with  a  mop-coating  of  hot  asphalt. 

Considering  the  length  of  the  slopes — from  50  to  80  ft. — and  the 
extreme  depth  of  the  basins — 41  ft.  behind  one  dam  and  49  ft.  at  the 
other — the  problem  of  making  repairs  that  would  be  effective  was  one 
that  caused  the  writer  no  little  anxious  thought.  I^owhere  in  the 
literature  of  engineering  within  his  reach  at  the  time  could  he  find 
any  account  of  work  of  a  similar  character,  undertaken  under  condi- 
tions nearly  as  severe  as  existed  here.  These  conditions  may  be 
enumerated  as  follows: 

1. — The  extreme  pressure  to  which  the  linings  would  be  subjected 

(maximum  pressure,  22  lb.  per  sq.  in.)  ; 
2. — The  long  slopes  without  a  break;  and 
3. — The  necessity  for  providing  for  a  water-proofing  course  which 

of  itself   should  possess   sufficient   strength   and  elasticity  to 

span  any  small  opening  in  the  foimdation  layer  of  concrete, 
i 
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which  might  be  caused  by  a  renewed  or  spasmodic  movement 
of  the  slide. 

The  apparent  necessity  for  relining  the  entire  surface  of  each  basin 
also  added  to  the  expense  of  the  work. 

Without  describing  in  detail  all  the  steps  of  the  evolutionary  process 
by  which  a  conclusion  was  reached  regarding  the  method  to  be  adopted 
for  making  these  repairs,  it  may  be  stated  briefly  that  it  was  decided: 

First. — That  the  original  concrete  lining  on  the  west  slopes  of 
both  reservoirs  should  be  removed  where  broken  or  unsound  and  the 
banks  dressed  dovpii ;  that  the  old  tile  drains  should  be  cleaned  out  and 
additional  under-drains  constructed,  the  trenches  to  be  filled  with 
gravel  and  broken  stone,  instead  of  sand.  (At  one  point  on  the  west 
slope  of  Reservoir  No.  4  the  movement  had  reached  a  maximum  of  3  ft., 
making  necessary  a  re-grading  of  the  slope  for  a  considerable  distance.) 

Second. — That  a  new  base  course  of  concrete,  having  a  thickness  of 
7  in.  at  the  base  of  the  slope  and  5  in.  at  the  top,  should  be  placed  on 
the    slopes   thus    prepared. 

Third. — That  on  top  of  the  new  layer  of  concrete,  and  on  the  top  of 
the  old  lining  covering  the  bottom  and  east  slopes,  there  should  be 
placed  a  layer  of  water-proofing  material  of  sufiicient  strength  to  insure 
that  it  would  bridge  over  any  small  cracks  which  might  subsequently 
develop  in  the  foundation  course. 

Fourth. — That  on  top  of  this  water-proofing  course  there  should  be 
placed  a  second  layer  of  concrete,  6  in.  thick  at  the  base  of  the  slopes 
and  4  in.  at  the  top;  and  that  the  supplemental  layer  on  the  bottom 
of  the  reservoir  basin  should  have  a  uniform  thickness  of  5  in.  At 
the  foot  of  the  slopes  the  concrete  layers  were  to  be  made  thicker,  so 
as  to  round  off  the  angle  between  the  sides  and  the  bottom.  This  is 
shown  by  the  cross-section  of  No.  3  reserveir  basin,  Fig.  3.  The  rect- 
angular footing,  about  2  by  3  ft.,  shown  on  the  plans,  was  only  extended 
along  the  west  slope  of  Reservoir  No.  3.  . 

In  carrying  forward  the  repairs  of  the  reservoir  basins,  the  fol- 
lowing procedure  was  adopted: 

The  removal  of  the  broken  concrete  lining  on  the  west  slopes  of 
both  reservoirs  was  done  by  Water  Department  forces,  the  material 
being  piled  at  convenient  points  outside  of  the  basin,  and  removed  later 
and  utilized  for  paving  roads  in  the  adjacent  Park. 
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Contracts  were  entered  into  by  the  Department  for  purchasing  and 
hauling  lumber,  cement,  sand,  gravel,  and  crushed  rock,  also  for 
asphalt  and  felt.  Other  supplies  in  smaller  quantities  were  purchased 
on  requisition. 

Contracts  were  also  made  covering  the  labor  of  mixing  and  placing 
the  concrete,  and  for  laying  the  felt  and  asphalt  water-proofing,  the 
materials  being  furnished  by  the  City  at  the  site  of  the  work. 

The  prices  paid  for  materials  and  labor  required  for  the  reservoir 
repairs  were  as  follows: 

Cement,  $2.40  to  $2.65  per  bbl. 

Broken  stone,  $2.25  to  $2.82  per  cu.  yd. 

Gravel,  $1.45  to  $1.85  per  cu.  yd. 

Sand,  $1.45  to  $1.85  per  cu.  yd. 

Felt,  f.  o.  b.  factory,  $1.25  per  100  sq.  ft. 

Asphalt,  $16.00  per  ton. 

Labor,  laying  concrete  (all  materials  furnished)  : 

Foundation  and  top  course,  $2.75  per  cu.  yd. 

Cement  finish,  $0.15  per  sq.   yd. 

Parapet  wall,  $3.00  per  cu.  yd. 

Laying  felt:  first  layer,  $0.35  per  100  sq.  ft. 

"      second  and  third  layers,  $0.25     "      "      "     '■ 

Hauling   cement,  $0,095  per  bbl. 

The  following  extract  from  the  specifications  for  the  work  shows 
the  proportions  adopted  for  the  concrete  mixture: 

"In  proportioning  materials  for  mortar,  grout,  and  concrete,  one 
volume  of  cement  shall  be  taken  to  mean  380  lb.  net.  One  volume 
of  sand,  gravel  or  stone  shall  be  taken  to  mean  3.7  cu.  ft.  packed  or 
shaken  down.  Sand,  gravel,  and  broken  stone  shall  be  measured  in 
barrels  or  boxes.    Measurement  in  wheel-barrows  will  not  be  permitted. 

"The  concrete  for  the  foundation  course  on  the  west  slope  shall 
be  proportioned  as  follows :  1  part  cement,  3  parts  sand,  and  6  parts 
broken  stone  or  gravel.  For  the  surface  layer  of  concrete  the  pro- 
portions shall  be,  1  part  cement,  2^  parts  sand,  and  4  parts  gravel  or 
stone,  as  the  Engineer  may  direct." 

It  may  be  stated  that  broken  stone  was  used  in  the  concrete  forming 
the  base  course  on  the  west  slope,  resting  on  the  earth,  but  for  the 
upper  layer,  which  rested  on  the  felt  water-proofing,  gravel  was  sub- 
stituted for  broken  stone  in  order  to  avoid  the  danger  of  puncturing 
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the  felt  water-proofing  course  while  the  concrete  was  being  rammed 
into  place. 

Some  difficulty  was  experienced  at  first  in  holding  the  upper  layer 
of  concrete  in  place  on  top  of  the  water-proofing  course.  Owing  to 
the  steep  slope,  it  was  impossible  to  do  much  tamping,  and  if  a 
slight  excess  of  water  was  used  there  was  danger  of  the  whole  mass 
moving  down  the  slope.  In  fact,  during  the  first  day  or  two,  such 
slides  did  occur,  making  it  necessary  to  relay  portions  of  several 
sections.  In  several  instances  a  slight  movement  of  the  concrete 
occurred  after  the  entire  section  had  been  placed,  caused  by  the 
weakening  of  the  footing.  This  difficulty  was  finally  obviated  by 
placing  the  concrete  on  the  bottom  of  the  reservoir  and  up  the  sides 
of  the  basin  to  a  height  of  5  or  6  ft.  and  allowing  it  to  harden  before 
completing  the  upper  portion  of  the  section. 

Fig.  3  shows  a  cross-section  of  Reservoir  No.  3  near  the  dam.  The 
two  courses  of  concrete,  with  the  water-proofing  course  between  them, 
and  the  tile  and  rock  drains,  are  also  shown. 

The  method  adopted  for  the  repair  of  Reservoir  No.  4,  being  iden- 
tical with  that  used  at  Reservoir  No.  3,  work  on  both  basins  was 
carried  forward  under  the  same  contract.  After  the  completion  of 
the  concrete  work,  the  surface  of  the  linings  of  both  basins  was  painted 
with  a  thin  coating  of  asphalt  in  order  to  give  the  work  a  uniform 
color. 

Water-Proofing. 

The  best  method  of  water-proofing  the  reservoir  lining  was  made 
a  study  for  a  considerable  period.  It  was  assumed  that  possibly  a 
slight  movement  of  the  hillside  might  continue  for  some  time  longer, 
and  it  was  considered  desirable,  therefore,  to  use  some  sort  of  mem- 
brane water-proofing  having  sufficient  strength  and  elasticity  to  permit 
it  to  bridge  cracks  in  the  concrete  base  in  case  the  latter  should 
again  be  fractured  under  pressure  from  the  adjacent  hillside. 

In  the  method  of  water-proofing  finally  adopted,  two  layers  of 
"hydrex  felt"  and  three  coats  of  asphalt  were  used  for  the  bottom  and 
eastern  slopes  of  both  reservoirs,  with  three  layers  of  felt  and  four 
coats  of  asphalt  for  the  western  slopes,  where  the  original  lining 
had  been  so  badly  shattered  by  the  pressure  of  the  slide. 

This  water-proofing  membrane  method  practically  conformed  to 
that  adopted  by  the  Pennsylvania  Railroad  engineers  for  water-proofing 
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the  Hudson  River  Tunnel,  then  under  construction,  except  as  to  the 
number  of  layers  of  felt,  and  the  substitution  of  asphalt  as  a  binder 
in  place  of  coal-tar  pitch  specified  for  the  Pennsylvania  Railroad 
work.  The  change  in  the  binder  coat  was  made  on  the  suggestion 
of  the  late  Alfred  Noble,  Past-President,  Am.  Soc.  C.  E.,  Consulting 
Engineer  for  the  Pennsylvania  Railroad  work,  because  it  was  thought 
asphalt  would  make  the  membrane  more  elastic  and  hence  more 
suitable. 

In  order  to  demonstrate  the  effectiveness  of  a  membrane  lining 
similar  to  that  just  described,  under  conditions  comparable  with  those 
under  which  it  was  to  be  used,  it  was  decided  to  experiment  with  a 
typical  section  before  the  material  was  finally  adopted.  Accordingly,' 
a  small  section  of  such  a  membrane,  about  1  sq.  yd.,  was  built  up  for 
testing  purposes.  This  consisted  of  two  layers  of  felt,  each  coated 
with  asphalt  on  both  sides,  which  was  subjected  to  a  water  pressure 
of  50  ft. — the  maximum  working  pressure  at  Reservoir  No.  3.  The 
water  chamber  used  for  testing  purposes,  to  which  this  pressure  was 
applied,  was  of  cast  iron,  except  that  one  side  consisted  of  fir  planks 
3  in.  thick  and  12  in.  wide,  with  a  space  of  ^  in.  between  adjacent 
planks.  The  section  of  membrane  to  be  tested  was  placed  on  the 
inner  face  of  these  planks,  and  was  supported  by  them,  the  membrane 
spanning  the  ^-in.  opening  between  the  planks.  The  joints  around 
the  margin  of  the  chamber  were  sealed  with  a  soft  rubber  packing. 

During  the  test,  which  was  continued  for  nearly  6  months,  it 
was  found  that  under  pressure  the  membrane  was  forced  into  the 
cracks  between  the  planking,  and  for  a  period  of  146  days  did  not 
weaken  sufficiently  to  allow  the  water  to  escape  from  the  6-in.  stand- 
pipe  supplying  the  pressure.  It  was  concluded,  therefore,  that  the 
material  was  of  sufficient  strength  and  elasticity  to  answer  the  pur- 
pose in  view. 

It  may  be  said,  further,  regarding  this  test,  that  after  the  pressure 
had  been  maintained  for  146  days  it  was  released  for  119  days,  at 
the  end  of  which  time  it  was  again  applied  and  the  test  continued. 
At  the  end  of  a  further  period  of  44  days,  a  slight  crack,  a  few 
inches  in  length,  developed  in  the  felt  where  it  had  been  compressed 
into  the  space  between  the  planks,  thus  allowing  the  water  to  escape 
from  the  stand-pipe  and  release  the  pressure.  The  actual  test,  there- 
fore, covered  a  period  of  190  days. 


Fig.  4. — Relining  EJast  Slope,  Reservoir  No.  3,  September  13th,  1904. 


Pig.  5. — Relining  East  Slope,  Reservoir  No.  3,  September  13th,  1904. 


Fig.  6. — West  Slope,  Reservoib  No.  4,  Showing  Under-Dkains,  Septembeii  21st, 

1904. 


Fig.  7. — Relining  West  Slope,  Reservoir  No.  4,  October  17th,  1904. 


Fig.  8. 


-Reservoir  No.  3  :  Horizontal  Cracks  in  Buttress,  and  Breaks  in  West 
Slope  and  Parapet,  September  28th,  1897. 


Pig.  9. — Reservoir  No.  2  :  Cracks  in  Buttress  and  in  Parapet,  September  28th, 

1897. 


Fig.  10. — Reservoir  No  4  : 


Cracks  in  Parapet  Walx  and  West  Slope, 
2STH,   1897. 


September 


Fig.  11. — Reservoir  No.  4  :  Crack  in  Outer  Edge  of  Inclined  Roadway,  and  in 
Face  of  Slope  Above  Sub-Retaining  Wall,  September  26th,  1897. 


Fig.  13. — Reservoir  No.  3  Since  Repairs  Were  Completed  in  1904. 


Fig.  14. — Reservoir  No.  4  Since  Repairs  Were  Completed  in  1904. 
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A  small  section  of  this  membrane,  showing  the  crack  which  devel- 
oped under  the  foregoing  test,  was  cut  out  at  the  conclusion  of  the  work, 
and  has  since  been  preserved.  A  recent  examination  shows  that  at  pres- 
ent this  sample  of  the  membrane  lining  has  a  considerable  degree  of 
flexibility,  notwithstanding  the  fact  that  it  has  been  stored  in  a  dry 
and  warm  room  for  12  years. 

In  laying  the  sheets  of  felt,  they  were  lapped  from  2  to  4  in.  at 
their  edges,  and  from  6  to  12  in.  at  their  ends,  there  being  three 
layers  of  felt  for  the  west  slopes  and  two  layers  for  the  remainder 
of  both  basins. 

Regarding  the  effectiveness  of  the  water-proofing  work  and  the 
condition  of  the  reservoirs  at  the  present  time,  the  following  may  be 
stated:  When  the  basin  of  Reservoir  No.  3  was  first  filled,  in  March, 
1905,  after  the  relining  was  completed,  a  slight  seepage  through  the 
under-drain  was  observed  when  the  water  behind  the  dam  was  only 
about  10  ft.  deep,  the  slope  of  the  reservoir  bottom  being  such  that 
the  flow  line  did  not  then  extend  more  than  about  half  the  length 
of  the  basin.  The  system  of  drains  under  the  lining  centers  in  a  single 
6-in.  pipe  which  passes  through  the  base  of  the  dam,  the  flow  in  this 
pipe  being  controlled  by  a  gate  in  a  chamber  in  front  of  the  dam. 
The  measured  flow  from  this  drain,  when  first  observed,  was  only  at 
the  rate  of  about  8  000  gal.  per  day.  As  the  water  in  the  basin  arose, 
the  flow  from  the  drain  increased,  due  to  the  additional  head.  This 
has  been  the  case  every  time  the  reservoir  has  been  emptied  and 
refilled;  for  several  years  the  maximum  flow  when  the  reservoir  was 
full  has  been  about  36  000  gal.  per  day;  and,  for  the  last  year  or 
more,  it  has  ranged  from  55  000  to  60  000  gal.  per  day. 

No  serious  attempt  has  been  made  to  repair  this  leak,  but  it  is 
thought  to  be  near  the  dam,  if  not  at  the  joint  between  the  lining 
and  the  vertical  face  of  the  dam. 

The  loss  of  water  is  not  a  serious  matter  at  present,  and  hence 
the  question  of  further  repairs  to  the  lining  has  not  been  consid- 
ered important.  It  can  be  said  that  this  is  the  only  defect  in  the 
work  undertaken  at  Reservoir  No.  3. 

At  Reservoir  No.  4  no  such  leakage  has  occurred.  At  this  basin, 
however,  a  slight  cracking  of  the  west  parapet  wall  has  been  detected, 
and  one  or  two  of  the  fence  posts  are  now  inclined  outward.     A  6-in. 
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space  was  left  between  the  top  of  the  slope  lining  and  the  parapet 
wall,  and  this  has  not  yet  been  closed  by  the  earth  pressure. 

Seepage  through  the  concrete  dams  has  been  in  evidence  for  some 
years  and,  in  consequence,  the  outer  faces  of  both  dams  of  Reservoirs 
Nos.  3  and  4  have  become  much  discolored  from  the  laitance  deposits 
(as  appears  from  an  examination  of  Figs.  13  and  14),  no  attempt 
having  been  made  to  water-proof  the  inner  or  water  face  of  the 
dam  at  either  reservoir  in  connection  with  the  relining  of  the  slopes. 

Figs.  4  to  7  show  the  workmen  at  Reservoirs  Nos.  3  and  4  engaged 
in  laying  and  coating  the  hydrex  felt  and  mixing  and  placing  the 
concrete  covering  at  different  stages  of  the  work. 

Figs.  8  to  14  show  the  reservoir  linings  before  repairs  were  com- 
menced and  the  basins  and  dams  as  they  now  appear. 

During  1894,  the  late  J.  D.  Schuyler,  M.  Am.  Soc.  C.  E.,  was  the 
Consulting  Engineer  in  charge  of  the  design  and  construction  of  the 
four  reservoirs  then  being  built  by  the  City,  including  the  City  Park 
Reservoirs,  Nos.  3  and  4,  described  herein. 

The  reclamation  work  described  in  the  original  paper  was  carried 
on  under  the  direction  of  the  late  Isaac  W.  Smith,  M.  Am.  Soc.  C.  E., 
who  was  Chief  Engineer  until  his  death  on  January  1st,  1897,  the 
writer  being  Principal  Assistant  Engineer  during  this  period.  Since 
that  date  the  writer  has  been  Chief  Engineer  in  charge  of  the  work 
herein  described. 
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DISCUSSION 


George  L.  Dillman,*  M.  Am.  See.  C.  E.   (by  letter). — It  may  be      Mr. 
said,  generally,  that  engineers  have  few  opportunities  to  examine  their 
works   after   completion.      Mr.    Clarke   is   to   be   congratulated  on    his 
opportunity  to  supplement  the  first  drainage  by  the  second  construction. 
The  Society  is  to  be  congratulated  on  this  supplementary  paper. 

Without  doubt,  the  reservoir  slide  at  Portland  has  had  the  most 
thorough  investigation  of  any  slide  on  earth.  It  has  extended  over 
many  years,  has  included  many  shafts  and  wells  through  the  slide, 
tunnels  under  and  through  it,  and  careful  observation  of  its  movement, 
in  amount  and  direction.  A  lawsuit  for  damages  developed  facts  show- 
ing that  motion  had  been  periodical  for  many  years  before  it  was 
recognized  as  a  slide.  The  surface  was  covered  with  timber,  and  was 
uninhabited,  so  that  the  pertinent  facts — cracks  at  the  head  of  the 
slide  into  which  cattle  fell  and  had  to  be  rescued,  the  irregular  leaning 
of  trees,  and  the  springs  at  the  toe  of  the  slide  now  occupied  by  reservoirs 
— were  not  connected  as  symptoms  of  a  single  phenomenon. 

The  writer  now  believes  that  the  slide  described  was  in  motion  for 
years,  possibly  hundreds  of  them,  prior  to  the  coming  of  man,  certainly 
prior  to  the  first  Government  survey  across  it.  He  also  confesses  to 
carelessness  in  observation,  when  the  cable  railway,  shown  on  Plate 
XXI,  from  Jefferson  Street  to  the  City  Park,  was  built  in  1891.  The 
banks  of  the  cuts  slid,  the  slot  closed,  the  cast  yokes  broke,  the  trees 
could  not  be  felled  by  expert  woodsmen  in  the  direction  desired,  and 
men  on  the  bridgework  across  what  is  now  No.  4  Reservoir  made  a 
path  up  the  gulch  to  about  where  No.  3  Dam  was  afterward  built, 
to  a  fine  permanent  spring.  There  was  a  small  stream  down  this  gulch, 
following  the  toe  of  what  is  now  known  as  the  slide. 

Others  were  just  as  unobservant,  as  is  shown  by  the  construction 
of  the  reservoirs  before  learning  of  this  general  slide.  No  one  can 
truthfully  say  "I  told  you  so"  prior  to  the  failure  of  the  western  slopes 
of  those  reservoirs.  Such  able  engineers  as  the  late  James  D.  Schuyler, 
and  Isaac  W.  Smith,  Members,  Am.  Soc.  C.  E.,  and  the  author,  ignored 
it.  The  late  W.  H.  Kennedy,  M.  Am.  Soc.  C.  E.,  then  Chief  Engineer 
of  the  Ocegon  Railroad  and  Navigation  Company,  stated  to  the  writer, 
when  the  damage  suit  was  on,  that  the  excavation  of  the  reservoirs 
undoubtedly  caused  the  slide.  He  changed  his  mind  when  the  evidence 
was  seen  to  be  overwhelming  that  the  slide  had  periodic  motion  long 
prior  thereto.  Except  Mr.  Clarke,  these  engineers  have  gone,  but  they 
were  all  men  of  recognized  ability. 

To  some  little  extent  prior  to  1891,  but  to  a  very  great  extent  since, 
the  writer  has  been  studying  slides.  They  are  the  most  common  phe- 
nomena of  the  Pacific  Coast.     He  knows  of  them  from  the  Straits  of 

*  San  Francisco,  Cal. 
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Mr.      Juan  de  Fuca  to   Panama,   and   has   information   of   them   in   South 

Dillman.     .  .  »       p  • 

America.  At  nrst,  it  would  seem  that  sades  are  oi  different  kinds; 
they  move  laterally,  they  upheave,  they  sink,  and  some  seem  to  be  dry. 
Some  move  fast  enough  to  be  called  avalanches,  some  are  slow  and 
regular,  and  are  called  locally  mud  glaciers,  some  move  only  at  long 
intervals. 

When  the  Canadian  Pacific  Railway  was  built,  settlement  affected 
irrigation  along  it;  in  one  place,  a  very  large  area  started  toward  the 
river.  That  slide  was  arrested  by  stopping  the  irrigation.  The  Can- 
adian Pacific  Railway  Company  purchased  the  farms  and  abandoned 
them. 

The  Oregon  Railroad  and  Navigation  Company  first  built  its  road 
past  the  Cascades  of  the  Columbia  on  a  shelf  blasted  out  of  solid 
rock.  The  road  still  rests  on  the  same  shelf,  but  instrumental  work 
has  shown  that  it  has  moved  (with  its  mountain)  more  than  17  ft. 
northward.  That  slide  is  slow.  The  depth  of  the  river  above  shows  that 
the  Cascades,  originally,  were  made  by  a  slide.  Probably  erosion  is 
compensated  for  by  motion,  certainly  from  the  south,  possibly  from 
the  north.  The  Indian  legend  of  a  natural  bridge  at  the  Cascades  is 
entirely  reasonable,  and  is  supported  by  collateral  facts. 

There  is  a  slide  at  Tillamook,  which  includes  several  hundred  acres 
of  land  and  the  Tillamook  Light.  Its  motion  is  small,  and  might  not 
have  been  discovered  but  for  the  failure  of  a  small  bridge  across  its 
trace  on  the  surface. 

The  Cow  Creek  slide  on  the  Oregon  and  Cascades  Railway,  in 
Oregon,  interrupted  operations  so  many  times  and  so  seriously  as  to 
warrant  several  miles  of  new  construction  of  heavy  work  in  order  to 
avoid  it.  This  slide  has  never  been  cured,  and  is  probably  not  worth 
curing. 

A  slide  in  Berkeley,  Cal.,  a  few  years  ago  included  many  houses. 
It  was  cured  (thus  far  completely)  by  the  abandonment  of  a  lily  and 
frog  pond  at  its  head.  Until  the  writer  examined  and  pointed  out  this 
contributing  cause,  the  pond  had  been  maintained  by  a  Professor  in 
the  Geological  Department  of  the  University  of  California.  Geology 
has  much  to  say  about  faults  after  they  occur,  but  may  not  go  into 
causes.  Incidentally,  all  faults  are  caused  by  slides.  Slides  may  be 
caused  by  earthquakes,  but  most  of  them  are  from  something  else. 

All  the  railroads  on  the  Pacific  Coast  have  to  contend  with  slides. 
The  Northwestern  Pacific  has  the  finest  collection  along  its  Eel  River 
line.  Sotne  are  curing  themselves,  some  are  being  cured  by  drainage — 
sub  and  surface.  The  Southern  Pacific  is  affected  at  a  few  points 
in  the  Sacramento  Canyon,  at  Carquinez  Straits,  in  open  country  just 
east  of  Altamont,  in  the  Santa  Cruz  Mountains,  and  on  the  Coast 
Route  to  Los  Angeles.  The  Western  Pacific  is  affected  in  the  Feather 
River   Canyon,   in  the  Altamont  hills,   and  the  Niles   Canyon.     The 
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Santa  Fe  had  trouble  with   its  Franklin   Tunnel   from   slide  causes.      Mr. 
The  Ocean  Shore  is  affected  in  a  few  places,  notably  at  Mussel  Kock. 

The  San  Francisco  peninsula  has  a  number  of  slides.  The  Sutro 
Baths  were  threatened  until  the  slide  was  cured  by  drainage  and  later 
removal.  At  Lands  End  there  is  a  typical  slide,  moving  every  year, 
which  is  now  invading  Fort  Miley  at  its  head. 

One  of  the  most  evident  slides,  and  yet  one  which  is  entirely 
unobserved  by  man,  is  in  the  Olympic  Mountains.  It  cut  an  ancient 
lake  in  two,  raising  one  part  about  80  ft.  to  a  new  outlet.  The  place 
from  which  the  material  came  is  still  very  evident.  The  slide  is 
now  entirely  covered  by  a  heavy  growth  of  timber.  The  lower  lake  is 
called  Lake  Sutherland,  with  its  outlet  toward  the  Elwha.  The  upper 
one  is  Lake  Crescent,  and  its  outlet  is  Crescent  Creek. 

These  instances  have  been  given  in  order  to  lead  to  statements 
of  the  cause  and  cure  of  slides,  or,  rather,  the  contributing  cause 
which  can  be  cured;  and  it  is  all  very  simple.  The  cause  is  water, 
and  the  cure  is  drainage. 

The  Cause  is  Water. — Water  lubricates,  and  lessens  friction.  Water 
accumulates  a  head,  and  forces  itself  into  and  through  otherwise  imper- 
meable material,  thus  extending  the  lubrication ;  but  the  greatest  effect 
of  water  is  from  its  pressure.  It  acts  like  millions  of  jack-screws, 
under  and  back  of  the  slide,  to  produce  motion.  The  film  of  water 
back  of  and  under  the  slide  has  only  to  be  thick  enough  to  be  continuous 
in  order  to  transmit  the  pressure  of  its  whole  head  in  this  manner. 

We  have  articles  on  the  pressure  of  water  under  dams.  A  slide 
is  a  dam,  in  all  essential  features,  until  motion  begins.  Then,  for- 
tunately, the  continuity  of  the  water  film  is  broken.  At  the  instant 
the  continuity  is  sufficiently  broken,  motion  ceases.  Then,  if  con- 
ditions are  right,  the  inflow  of  water  increases  the  continuity  of  the 
film,  flows  into  the  cracks,  and  motion  again  begins. 

A  slide  is  frequently  a  number  of  dams,  according  to  different 
planes  of  motion,  any  one  of  which  may  move.  It  matters  not  how 
saturated  is  the  mass  above  the  bottom  of  the  slide,  the  analysis  of 
bottom  pressures  and  effects  is  not  changed  thereby.  Although  slides 
of  some  extent  offer  at  first  varying  evidence,  crumpling  at  the  toe, 
upheaval  in  places,  subsidence  at  the  head,  and  lateral  motion  in 
varying  degrees,  they  can  all  be  traced  to  one  phenomenon  by  proper 
analysis.  There  is  frequently  a  swampy  place  at  the  head,  sometimes 
attaining  the  dignity  of  a  lake.  There  are  usually  springs  at  the  toe, 
frequently  also  along  its  trace  on  the  surface.  These  may  develop  by 
erosion  into  gulches  which  hide  the  cracks,  the  crumpling,  and  other 
evidences  of  motion. 

There  is  no  need  to  enlarge  on  the  cause  of  slides.  Every  fact  in 
evidence  can  be  traced  directly  to  water,  principally  to  its  pressure. 
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Mr.  Tlie    Cure   is   Drainage. — Sometimes,   the   surface   can   be   drained 

sufficiently  to  effect  a  cure.  Surface  drainage  will  always  help ;  but 
surface  drainage  is  often  difficult,  especially  after  motion  has  developed 
a  cracked  wart-like  surface,  as  this  tends  to  hold  rainfall  and  guide 
it  to  the  surface  of  motion,  or  several  surfaces  of  motion. 

Sub-drainage,  which  will  kill  the  water  pressure,  is  infallible. 
There  never  has  been  a  slide  that  could  not  be  cured  in  this  way.  There 
are  cases  where  the  expense  is  not  warranted.  There  are  cases  where 
the  whole  slide  can  be  sluiced  away.  There  are  also  cases  where  the 
motion  is  so  slow,  or  its  effect  so  small,  that  the  removal  of  the 
material  as  it  comes,  or  not  removing  it  at  all,  is  the  best  answer. 
Incidentally,  removal  is  drainage. 

Subsidence  at  the  head  of  the  slide  tends  to  the  formation  of  swamps 
and  lakes,  which,  in  turn,  supply  the  water  to  fill  the  cracks,  to  form 
the  pressure,  to  produce  motion,  to  make  more  subsidence,  and  so  on 
in  a  never-ending  cycle.  The  interruption  of  this  cycle  is  most  cer- 
tainly accomplished  by  killing  the  head  of  water  acting  on  the  surface 
of  motion.  Draining  the  swamps  and  lakes  will  help.  At  Panama 
one  enthusiast  proposed  concreting  the  whole  surface  of  the  slide 
to  prevent  the  ingress  of  water.  This  might  do,  if  there  were  not 
probably  some  subterranean  supply  of  water,  possibly  with  a  great 
head,  that  would  not  keep  out.  Such  construction  might  be  an  actual 
hindrance,  instead  of  a  help,  and  might  serve  to  hold  the  water  and 
increase,  instead  of  decrease,  the  head. 

In  some  cases  increasing  the  resistance  to  motion  has  been  tried, 
by  masonry  and  wooden  bulkheads.  These  have  been  effective  where 
it  only  needed  another  "straw",  but  have  generally  been  disastrous. 
Drainage  by  perforating  the  bulkhead  is  taught  as  a  rudiment  in 
retaining  walls. 

Far  apart  as  they  may  seem,  there  is  much  similarity  in  slides, 
retaining  walls,  and  dams.  The  analysis  is  nearly  identical,  gravity, 
friction,  and  hydrostatic  pressure.  Sub-drainage  will  cure  the  slide, 
is  necessary  to  the  stability  of  the  wall,  and  increases  the  safety  of 
the  dam. 

All  study  is  for  the  purpose  of  developing  or  properly  applying 
principles.  The  result  is  education.  The  principle  of  slides  is:  Cause, 
water;  Cure,  drainage.  There  are  no  exceptions,  though,  at  first  sight, 
some  may  appear. 

Mr.  D.  D.  Clarke,*  M.  Am.  Soc.  C.  E.  (by  letter). — The  writer  desires 

Clarke.  ^^  ^^^  ^^  record  his  deep  appreciation  of  the  kindness  of  Mr.  Dillman 

in  submitting  such  an  interesting  resume  of  this  paper  and  of  the  whole 

slide  situation  so  far  as  it  has  been  developed  along  the  Pacific  Coast 

during  recent  years. 

*  Portland,  Ore. 
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The  writer  has  been  more  or  less  familiar  with  several  of  the  slides  Mr. 
mentioned  by  Mr.  Dillman,  but  others  are  not  well  known.  It  is  to  be  ^^  ^' 
hoped  that  some  day  additional  information  may  be  available  regarding 
the  Cascade  Slide,  and  also  the  upheaval  which  occurred  at  Lake 
Crescent,  Washington.  The  entire  Profession  is  indebted  to  Mr.  Dillman 
for  his  interesting  statements  regarding  the  number  and  cause  of  the 
slides  on  the  Pacific  Coast,  and  he  will  be  quoted  as  an  authority  on 
this  subject. 

Attention  is  called  to  an  interesting  account  of  the  immense  slide 
on  the  Eraser  River,  British  Columbia,  by  Robert  Brewster  Stanton, 
M.  Am.  Soc.  C.  E.* 

*  The  Engineer   (London,  England),  December  14th,  1897. 
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Synopsis. 

The  San  Bernardino  Basin  is  a  closed  structural  basin  filled  with 
detrital  matter,  in  which  Artesian  conditions  are  created  by  an  imper- 
vious barrier  thrown  across  its  outlet.  The  barrier  is  locally  known  as 
Bunker  Hill  Dike.  Geologically,  these  conditions  are  the  result  of 
block  faulting-.     (See  Plate  XXII.) 

There  are  marked  wet  and  dry  seasons,  and  a  wide  range  in  fluc- 
tuations of  seasonal  as  well  as  periodical  precipitation.  This  is  demon- 
strated by  the  residual  mass  curve  of  rainfall,  constructed  for  a  45-year 
period,  which  curve,  in  its  ascending  and  descending  branches,  indi- 
cates that  there  have  been  four  distinct  periods,  of  from  10  to  13  years 
each,  of  excessive  and  deficient  rains.     (Figs.  1  to  4.) 

Broadly  speaking,  variations  in  precipitation  call  for  corresponding 
variations  in  the'  run-off  of  streams  tributary  to  the  basin.  (Figs.  4 
and  7.) 

Under  conditions  of  natural  draft,  ground-water  levels  fluctuate  in 
sympathy  with  precipitation  and  run-off.     There  is  a  well-defined  rela- 

*  This  paper  was  presented  before  the  Southern  California  Association,  Am.  Soc. 
C.  E.,  at  its  meeting  of  April  11th,  1917,  and  also  before  the  meeting  of  the  Society 
on  October  17th,  1917. 
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tion  between  the  elevation  of  the  Artesian  rim  of  an  Artesian  basin  of 
this  character,  and  the  quantity  of  rising  water  in  streams  and 
Artesian  wells,  and  pressure  in  such  wells.  (Figs.  5  and  6.)  The 
theoretical  head  at  any  point  in  the  Artesian  basin  is  equivalent  to  the 
difference  in  topographical  elevation  between  that  point  and  the  Arte- 
sian rim. 

The  Artesian  phenomena  of  pressure  and  flow  are  in  direct  sym- 
pathy with  the  rainfall  and  run-off  phenomena,  as  expressed  in  the 
residual  mass  curves.  The  residual  mass  curves  of  rainfall  and  run- 
off afford  a  safe  criterion  as  to  the  position  which  the  ground-water 
plane  naturally  should  occupy,  and  whether  artificial  abstractions  have 
materially  overdrawn  a  basin.     (Figs.  7  to  14.) 

The  maximum  natural  seepage  in  the  river  bed  of  the  Santa  Ana 
River  occurs  for  a  mile  or  two  above  the  Artesian  rim.  (Table  2.) 
The  effect  of  artificial  seepage  applied  near  the  rim  is  but  temporary, 
and  the  benefits  increase  the  farther  up  on  the  debris  cone  the  spread- 
ing is  practised.  The  center  of  the  spreading  w^orks  on  the  Santa  Ana 
cone,  of  late  years,  has  been  about  4  miles  above  the  Artesian  rim,  and 
this  spreading  has  had  the  effect  of  diminishing  the  seasonal  drop  of 
tlie  water-plane  above  the  rim  by  3  or  4  ft.  per  year.  Contrary  to  com- 
mon opinion,  it  is  beneficial  to  practise  spreading,  even  during  years  of 
average  or  deficient  rains,  when  practically  no  flow  would  escape  beyond 
the  limits  of  the  basin,  provided  the  application  is  made  in  the  upper 
parts  of  the  debris  cone.     (Figs.  15  to  23.) 

The  cost  of  spreading  flood  water  varies  from  5  to  20  cents  per  acre- 
ft.,  a  maximum  of  27  000  acre-ft.  having  been  spread  in  one  year.  The 
average  annual  net  conservation  is  estimated  as  in  excess  of  15  000 
acre-ft.  per  year,  and  valued  at  not  less  than  $100  000 ;  this  has  been 
accomplished  at  an  average  annual  expenditure  of  less  than  $2  000. 


The  San  Bernardino  Basin,  about  70  miles  east  of  Los  Angeles,  i3 
a  closed  structural  basin  bordered  on  the  north,  east,  and  south  by 
granitic  and  schistose  mountains.  To  the  west  the  valley  is  open,  but 
the  underground  basin  is  closed  by  a  subterranean  barrier,  known 
locally  as  the  Bunker  Hill  Dike.  Plate  XXII  is  a  general  map  of  the 
basin.  The  dike  consists  of  impervious  clays  which  effectively  close 
the  basin  and  force  practically  all  the  underflow  to  the  surface.     The 
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basin  is  filled  with  alluvial  deposits  of  gravel,  sand,  and  clay  to 
unknown  depths,  the  deepest  borings  going  to  1 150  ft.  without  encoun- 
tering bed-rock.  The  deposits  are  porous  on  the  debris-cones  and 
receptive  to  the  absorption  of  flood  waters,  or  irrigation  water.  They 
are  graded  from  coarse  gravels  and  boulders,  at  the  mouths  of  the 
canyons,  to  fine  silts  in  the  flats. 

The  Santa  Ana  River  has  cut  a  gap  in  the  dike  to  a  width  of  from 
1  to  IJ  miles,  in  whi-ch  the  impervious  strata  reach  probably  to  within 
100  ft.  of  the  surface;  and,  on  each  side  of  it,  the  dike  manifests  itself 
as  a  ridge  projecting  above  the  valley  floor.  The  effect  of  the  dike  has 
been  to  produce  an  Artesian  basin,  from  which  large  quantities  of 
water  rise  to  the  surface  and  escape,  either  in  rising  streams,  or  by 
evaporation  from  swamps.  The  maximum  area  of  the  Artesian  basin 
in  the  early  Nineties  was  21  sq.  miles.  The  water-shed  tributary  to 
the  Artesian  basin  is  720  sq.  miles,  of  which  560  sq.  miles  are  moun- 
tainous water-sheds  and  160  sq.  miles  are  foot-hills  and  valley  lands. 
The  average  annual  water  crop  amounts  to  about  280  000  acre-ft.,  and 
the  annual  use  is  about  200  000  acre-ft. 

Of  the  areas  irrigated,  there  are  within  the  basin  26  100  acres  of 
citrus  lands  in  the  Redlands  and  Highland  districts,  aiid  5  000  acres  of 
valley  land  planted  to  alfalfa  and  garden  truck;  outside,  there  are  the 
Riverside  Colony,  with  27  700  acres,  mostly  in  citrus  fruits,  and  the 
Rialto  and  Fontana  districts,  with  about  16  000  acres,  a  large  per- 
centage of  v\-hich  is  also  in  citrus  groves. 

The  total  value  of  the  land  depending  on  the  San  Bernardino 
Basin  for  its  water  supply  is  in  excess  of  $100  000  000. 

All  sunmier  flow  of  the  surface  waters  has  been  appropriated  for 
many  years,  and  during  the  last  20  years  increasing  quantities  of 
water  have  been  abstracted  by  Artesian  and  pumped  wells.  More  than 
50%  of  the  water  is  diverted  beyond  the  limits  of  the  San  Bernardino 
Basin.  Notable  among  the  concerns  which  export  water  are  the  River- 
side Water  Company,  the  Gage  Canal  Company,  the  Riverside-High- 
land Water  Company,  the  City  of  Riverside,  the  Lytle  Creek  Water 
and  Improvement  Company,  the  Fontana  Company,  and  others. 

The  underground  supply  of  the  basin  is  mainly  derived  from  the 
seepage  that  occurs  in  the  stream  beds  in  the  upper  part  of  the  debris 
cone  between  the  moutli  of  the  canyon  and  the  rim  of  the  Artesian 
basin.     Except  during  years  of  extreme  drought,  large  quantities  of 
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flood  water  escape  during  the  flood  season,  beyond  the  Artesian  rim, 
and  beyond  the  Bunker  Hill  Dike,  and  are  forever  lost  to  the  San 
Bernardino  Basin.  , 

Recently,  owing  to  an  action  in  the  Courts  filed  by  the  City  of  Sari 
Bernardino  against  the  City  of  Riverside  and  the  Riverside  Water 
Company,  the  hydrography^  of  the  basin  and  the  effect  of  the  spread- 
ing of  flood  waters  have  been  made  the  subject  of  a  detailed  study,  the 
writer  having  been  one  of  the  engineers  engaged  by  the  defendants. 
In  order  to  eliminate  unnecessary  details,  the  scope  of  this  paper  will 
be  limited  to  the  eastern  portion  of  the  basin,  which  may  be  termed  the 
Santa  Ana  cone,  embracing  the  drainage  areas  and  debris  cones  of  the 
Santa  Ana  River,  Mill  Creek,  Plunge  Creek,  and  City  Creek. 

The  Residual  Mass  Curves  of  Rainfall  and  Run-off. 
There  are  no  local  rainstorms  in  Southern  California,  and  the 
Weather  Bureau  records  at  San  Bernardino  may  be  considered  typical 
of  the  distribution  of  rainfall  in  the  San  Bernardino  Basin  and  water- 
shed, relative  to  both  time  and  volume.  With  higher  altitudes  there 
is  a  proportionate  increase  of  precipitation,  up  to  the  elevation  of 
6  000  ft. 

TABTjE  1. — ^Monthly  Precipitation  at  San  Bernardino, 
cai.ifornia. 


Month. 

Depth,  in  inches. 

Percentage  of  seasonal 
precipitatiiiii. 

3.708 
3.005 
2.764 
1.222 
0.570 
0.081 
0.035 
0.172 
0.163 
0.600 
1 .312 
2.532 

22.9 

18.6 

17.  J 

7.5 

May 

3.5 

0.5 

July    

0.2 

1.0 

1.0 

October 

3.7 

8.3 

15.7 

16.194 

100.0 

The  distribution  of  the  precipitation  for  the  year,  at  San  Bernar- 
dino, is  shown  in  Table  1.  There  is  a  marked  difference  between  wet 
and  dry  seasons.  The  rainy  months  are  from  December  to  March, 
inclusive,  during  which  74%  of  the  seasonal  rainfall  occurs.     A  tabu- 
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lation  of  seasonal  rainfall  at  San  Bernardino,  from  1871  to  1916, 
inclusive,  is  shown  on  Figs.  1  to  4.  It  is  difficult  to  grasp  the  general 
tendency  of  annual  variation  of  precipitation  from  tables,  nor  are  the 
periodical  fluctuations  easily  discerned.  In  order  to  overcome  this, 
residual  mass  curves  of  precipitation  have  been  prepared  for  three 
periods:  from  1870  to  1900,  1870  to  1910,  and  from  1870  to  1915. 
(Figs  1,  2,  and  3.) 

These  curves  are  a  diagrammatic  presentation  of  aggregate  excesses 
and  deficiencies  of  precipitation;  an  ordinate  at  any  point  on  one  of 
them  is  the  difference  between  the  aggregate  rainfall  from  the  begin- 
ning of  the  period  of  record  to  the  date  considered,  and  the  aggreg-ate 
rainfall  which  would  have  fallen  during  the  same  period  if  the  annual 
rate  had  been  the  observed  mean. 

Such  a  curve  is  partly  above  and  partly  below  the  zero  line.  It 
always  begins  near  the  zero  line,  and  necessarily  closes  on  the  same, 
regardless  of  the  length  of  the  period  considered.  For  this  reason  the 
position  of  the  zero  line  is  of  no  consequence  as  regards  the  interpre- 
tation of  the  curve.  The  curve  is  in  descent  for  years  of  deficient 
precipitation,  and  in  the  ascent  for  years  of  excessive  rains.  If  the 
deficiencies  extend  over  a  period  of  years,  this  is  expressed  in  a  general 
downward  tendency,  as  from  1874  to  1883,  and  from  1893  to  1904,  and 
vice  versa.  Thus,  it  will  be  seen  that  there  are  four  distinct  periods 
from  1874  to  1916,  as  indicated  at  the  head  of  Figs.  1  to  4. 

These  mass  curves,  therefore,  indicate  the  cumulative  effect  of 
precipitation,  expressed  in  ascending  and  descending  branches  of  the 
curves.  An  analysis  made  at  the  close  of  the  season  of  1899-1900,  as 
shown  on  Fig.  1,  would  have  indicated  that  there  had  been  a  deficiency 
in  precipitation  for  the  7  preceding  years,  but  it  would  not  have  indi- 
cated that  in  1900  anything  like  average  conditions  had  been  reached. 
Compare  the  different  positions  of  the  point  marked  1900  in  Figs.  1,  2, 
and  3. 

Fig.  4  presents  the  residual  mass  curve  of  run-off  for  the  Santa 
Ana  River  for  46  years.  It  shows  the  same  characteristics  as  the  rain- 
fall mass  curve,  and  calls  for  a  like  interpretation.  The  observations 
from  1897  to  1916  are  from  measurements  made  by  the  Geological 
Svirvey;  the  volumes  given  for  the  years  1871  to  1897  are  deduced  from 
run-off  ciirves.  Generally  speaking,  the  fluctuations  of  the  run-off 
mass  curve  correspond  to  those  of  the  rainfall.     Deviations  are  due  to 
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the  fact  that,  for  equal  rains,  the  run-off  is  greater  if  the  preceding 
year  was  one  of  excessive  precipitation  than  if  it  was  a  dry  year.  The 
relation  M-hich  variations  in  rainfall  bear  to  those  of  run-off  is  best 
studied  by  platting  the  residual  mass  curves  for  both,  as  expressed  in 
percentage  of  the  mean.  This  is  presented  in  Fig.  7.  In  this  diagram 
the  run-off  mass  curve  represents  the  entire  natural  water  crop  tribu- 
tary to  the  San  Bernardino  Basin,  the  rainfall  being  that  for  the  City 
of  San  Bernardino  only.  It  will  be  seen  that  the  functions  in  run- 
off are  from  50  to  100%  greater  than  those  of  corresponding  precipita- 
tion, both  for  maxima  and  minima. 

Ground-water  levels  generally  respond  to  variations  in  rainfall  and 
run-off,  and,  broadly  speaking,  should  hold  their  own  for  average  rains. 
A  series  of  years  of  deficient  rains  would  be  accompanied  by  deficient 
replenishment  and  the  corresponding  lowering  of  the  ground-water 
level,  though  nothing  short  of  a  continued  period  of  excessive  rains 
woiild  bring  about  a  recuperation  of  a  depleted  basin. 

The  residual  mass  curve  of  rainfall  or  of  run-off,  therefore,  may  be 
considered  as  a  reliable  indicator  of  the  status  of  the  ground-water 
level,  provided  conditions  of  natural  draft  obtain.  Furthermore,  if  the 
water  level  of  an  underground  basin,  which  is  artificially  drawn  upon, 
corresponds  to  the  position  indicated  by  the  mass  curve  of  precipita- 
tion or  run-off,  then  it  may  be  deduced  that  the  basin  fluctuates  in  the 
same  manner  as  under  natural  conditions,  and,  therefore,- is  not  being 
overdrawn. 

Considering  the  wide  range  in  fluctuations  of  the  seasonal  precipi- 
tation in  the  San  Bernardino  Basin,  ground-water  levels  should  be  sub- 
ject to  extensive  variations  from  natiiral  causes.  These  statements 
Vv'ill  be  supported  by  facts  given  in  the  pages  following. 

The  Movement  of  Underground  Water. 
If  the  San  Bernardino  underground  basin  had  an  unobstructed  out- 
let to  the  west,  it  would  produce  the  common  phenomenon  of  underflow, 
with  velocities  of  percolation  of  probably  2  miles  per  annum,  or  there- 
abouts. Any  material  contribution  to  such  underflow  at  any  point  by 
means  of  spreading,  would  produce  what  might  be  called  an  advancing 
wave  of  underflow,  and  this,  in  due  time,  would  be  noticeable  at  points 
below  by  a  rise  in  the  water  surface,  a  fact  which  could  easily  be 
established  by  observations  on  a  series  of  wells  below  the  spreading 
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works.  One  would  also  be  justified  in  crediting'  the  underground 
basin  with  the  total  quantity  of  water  spread.  However,  such  condi- 
tions do  not  exist  in  the  eastern  part  of  the  San  Bernardino  Basin. 


3  4 

Distance,  in  Miles 


Fig.  5  is  a  profile  of  the  Santa  Ana  cone  frora  the  Bunker  Hill 
Dike,  following  approximately  the  course  of  the  river.  The  geological 
features  are  represented  diagrammatically  from  a  large  number  of 
well-logs. 
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Geologically  speaking,  according  to  investigations  by  Professor 
Kobert  T.  Hill,  the  San  Bernardino  Basin  is  the  result  of  block  fault- 
ing. It  is  a  sunken  valley,  the  fill  of  which  consists  of  the  alluvial 
deposits  of  flowing  streams.  It  is  probable,  however,  that  at  intervals 
temporary  lake  conditions,  existed,  as  we  often  find  them  in  the  arid 
West,  and  this  may  partly  explain  the  origin  of  the  large  lenses  or 
layers  of  clay  which  play  a  prominent  part  in  the  formation  of  Artesian 
conditions.  The  large  clay  blankets  or  lenses  apparently  do  not  extend 
above  the  1 150-ft.  contour,  and,  under  normal  conditions,  this  contour 
seems  to  define  the  area  within  which  Artesian  flow  can  be  produced 
at  any  point.  Above  this  contour,  clay  strata  seem  to  be  isolated  and 
of  no  great  thickness,  so  that  seepage  waters  sink  without  being 
deflected  laterally.  In  1904,  at  the  end  of  a  period  of  deficient  rains, 
the  water-plane  above  the  Artesian  rim  had  followed  the  line  marked 
A-A^.  With  copious  rains  during  the  last  10  years,  and  as  a  result  of 
artificial  spreading  of  flood  waters,  the  basin,  in  its  easterly  portion, 
has  been  refilled,  and  in  the  spring  of  1915  the  water-plane  was  in  the 
position  marked  B-B^.  Excessive  rains  during  the  winter  of  1915-16 
forced  the  water-plane  in  the  spring  of  1916  to  the  position,  C-G^, 
causing  an  overflow  at  the  edge  of  the  clay  strata. 

This  was  manifested  by  the  appearance  of  a  series  of  swamps  on  the 
Santa  Ana  cone  along  the  1 150-ft.  contour,  as  shown  on  Plate  XXII. 
A  map  prepared  in  1888  by  the  State  Engineer  of  California,  and 
testimony  of  settlers,  indicate  that  similar  swamps  had  existed  as  late 
as  1893  along  the  Artesian  rim  of  the  entire  basin.  This  was  toward 
the  end  of  the  wet  period  extending  from  1883  to  1893.  At  that  time 
no  large  Artesian  wells  had  been  drilled,  and  artificial  abstractions 
were  limited  to  shallow  capped  wells,  2  and  3  in.  in  diameter,  in 
San  Bernardino.  It  may  be  stated,  therefore,  that  the  basin,  in  1893, 
was  in  its  natural  condition,  and  that  it  was  full  and  overflowing. 
Similar  conditions  obtained  again  in  the  easterly  part  of  the  San 
Bernardino  Basin  in  the  spring  of  1916. 

As  far  as  the  Santa  Ana  cone  is  concerned,  well  observations,  cover- 
ing a  period  of  several  years,  have  shown  that  the  seasonal  fluctuations 
of  the  water -plane  above  the  rim  occur  in  the  same  manner  as  those  of 
the  surface  of  a  reservoir,  namely,  as  fluctuations  of  the  water-plane  as 
a  whole,  corresponding  to  seasonal  replenishment  and  depletion.  Dur- 
ing the  winter  there  is  a  rise  culminating  in  April  or  May ;  and  during 
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tLe  summer  there  is  a  drop  in  the  water-plane  terminating  about 
October  and  as  late  as  December.  This  is  borne  out  by  the  diagrams 
of  Plate  XXIII,  showing  the  fluctuations  of  a  number  of  surface  wells 
of  less  than  200  ft.  depth.  (For  location,  see  Plate  XXII.)  It  will  be 
noted  that  all  the  wells  reached  their  peaks,  as  well  as  the  low  points, 
simultaneously.  There  is  a  marked  increase  in  the  magnitude  of  the 
fluctuations  with  the  higher  elevations. 

If  there  were  no  gravel  fill  above  the  rim,  then  the  stirface  of  the 
water-plane  above  the  same  would  be  horizontal,  like  that  of  a  reser- 
voir, in  the  manner  indicated  by  the  line,  B-F-F^,  in  Fig.  5,  pro- 
ducing pressure  on  all  points  in  the  Artesian  basin  below.  OAving  to 
the  leakage  to  the  surface  of  large  quantities  of  water  in  the  Artesian 
belt,  there  must  be  a  continuous  down-stream  movement  of  water  in 
the  entire  subterranean  basin,  and  as  the  gravel  fill  causes  frictional 
resistance  to  percolation,  the  surface  of  the  water-plane  above  the  rim 
is  not  horizontal,  but  assumes  an  incline,  as  shown  in  the  lines,  A-A^^, 
B-B^,  or  C-C,. 

There  is  still  a  transmission  of  pressure  from  this  inclined  water- 
plane  on  the  waters  confined  below  the  Artesian  rim,  but  the  hydraulic 
head  at  any  point  is  equivalent  only  to  the  difference  of  the  topographic 
elevation  between  that  point  and  the  Artesian  rim. 

We  have,  therefore,  two  distinct  phenomena :  First,  a  transmission 
of  pressure  from  the  water-plane  above  the  rim  on  the  confined  waters 
below  the  same,  and  second,  a  slow  down-stream  movement  of  the 
entire  body  of  underground  water. 

It  follows,  also,  that  there  must  be  sympathetic  action  between  the 
position  of  the  water-plane  above  the  rim  and  the  pressure  and  dis- 
charge of  Artesian  wells  and  the  flow  of  rising  streams  in  the  Artesian 
basin. 

This  statement  is  borne  out  by  well  and  stream  measurements  made 
in  this  basin,  extending  over  a  period  of  25  years.  A  selection  of  these 
is  presented  in  Figs.  7  to  14,  together  with  the  residual  mass  curve  of 
rainfall  for  San  Bernardino,  and  the  residual  mass  curve  of  run-off 
for  all  the  streams  tributary  to  the  basin,  expressed  in  percentage  of 
the  mean  for  a  45-year  period.  (See  Fig.  7.)  (For  location  of  wells, 
see  Plate  XXII.) 

Since  1900,  ground-water  fluctuations  have  been  influenced  by  grad- 
ually increasing  artificial  abstractions  and  by  artificial  spreading  of 
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flood  waters  on  the  Santa  Ana  debris  cone.  (See  I'igs.  16  to  23,  and 
referred  to  in  the  section  following.) 

Beginning  with  Fig.  8 :  This  shows  the  highest,  or  spring  elevation, 
for  a  period  of  25  years,  of  the  water  surface  in  the  "Williams  well" 
of  the  Gage  Canal  Company,  6  in.  in  diameter,  depth  approximately  150 
ft. ;  it  is  at  an  elevation  of  1  152  ft.,  and  is  abont  600  ft.  south  of  the 
present  stream  bed  of  the  Santa  Ana  River.  The  diagram  may  be  con- 
sidered as  representative  of  the  fluctuations  of  the  water-plane  near 
the  Artesian  rim  and  above  it. 

Fig.  9  gives  the  fluctuations  for  the  past  5  years  in  the  "'Dobbs 
well";  depth,  150  ft.,  more  or  less;  it  is  near  the  course  of  Plunge 
Creek,  a  tributary  of  the  Santa  Ana  River.  The  elevation  of  the  well 
is  1 267  ft.  Its  fluctuations  coincide  with  those  of  the  "Williams 
well." 

Fig.  10  gives  the  Artesian  flow  of  a  group  of  five  wells  called  the 
"McCrary  wells",  ranging  in  depth  from  350  to  600  ft.,  on  the  banks  of 
Warm  Creek  where  it  crosses  Baseline  Road;  elevation,  1093  ft. 
Slight  deviations  of  fluctuations  from  those  of  the  "Williams  well"  are 
explained  by  sympathetic  action  with  a  number  of  Artesian  wells  and 
pumping  plants  in  the  immediate  vicinity. 

Fig.  11  shows  the  spring  elevation  of  the  water  surface  of  the 
"Meacham  well",  depth  326  ft.,  which  is  |  mile  north  of  the  edge  of 
the  Santa  Ana  cone,  and  about  li  miles  northeast  of  San  Bernardino; 
surface  elevation,  1 126  ft.  The  well  was  originally  Artesian,  the 
water  rising  to  an  elevation  of  1 146  ft.  This  well  is  in  sympathy  with 
the  deep  wells  of  San  Bernardino  and  the  Riverside  Water  Company 
in  the  "Antil"  sub-basin,  about  1  mile  east  of  San  Bernardino;  this 
well  has  been  called  the  barometer  of  this  sub-basin. 

Fig.  12  shows  the  flow  for  August  in  the  "Heap  well"  of  the  River- 
side Water  Company,  situated  in  the  "Antil"  sub-basin,  at  an  eleva- 
tion of  about  1  062  ft.  The  flow  of  this  well  is  affected  by  that  of 
other  wells  in  the  vicinity. 

Fig.  13  shows  the  natural  flow  of  Warm  Creek  at  the  Riverside 
Water  Company's  intake  near  Colton,  for  June.  This  discharge  repre- 
sents rising  water,  as  much  as  90%  of  which  comes  from  the  Santa 
Ana  cone.  The  flow  of  Warm  Creek  is  representative  of  the  volume 
of  natural  rising  water  of  the  Santa  Ana  cone.  (However,  large 
volumes  of  water  rise  also  in  the  channel  of  the  Santa  Ana  River.) 
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The  parallelism  in  the  fluctuations  of  the  flow  of  Warm  Creek  with 
those  of  the  flow  of  Artesian  wells,  and  with  the  water  surface  in  sur- 
face wells  above  the  rim,  is  demonstrated.  The  observations  depicted 
on  Figs.  8  and  13  extend  over  a  complete  cycle  of  dry  and  wet  years; 
they  indicate  the  return,  in  the  spring  of  1916,  of  conditions  in  the 
Santa  Ana  cone  similar  to  those  of  1893,  and  present  a  proof  of  the 
return  of  the  water-plane  to  its  former  highest  position. 

In  other  words,  the  artificial  draft  on  the  Santa  Ana  cone  has  not 
exceeded  the  replenishment  as  it  has  occurred  for  the  past  23  years, 
and  the  basin,  therefore,  has  not  been  overdrawn. 

The  intimate  relation  between  the  volume  of  rainfall  and  run-off 
of  the  tributary  streams  on  one  side,  and  the  fluctuations  in  the  water- 
plane  and  Artesian  flow  on  the  other  side,  is  easily  discerned  by  com- 
parison of  Fig.  7  with  Figs.  8  to  13. 

Admitting  that  in  1915-16  the  water-plane  in  the  eastern  portion 
of  the  San  Bernardino  Basin  has  returned  to  its  original  position  of 
1S93 — and  this  in  the  face  of  a  very  material  artificial  draft — then  the 
residual  mass  curve  of  rainfall  and  run-off  apparently  does  present  a 
criterion  by  which  the  true  status  of  the  imderground  supply  can  be 
determined  with  reference  to  a  long  period  of  years.  Without  the 
records  which  are  now  at  hand,  the  position  of  the  water-plane  in  1904 
might  have  appeared  exceedingly  alarming,  though  the  information 
which  we  have  to-day  shows  that  this  condition  was  in  the  natural 
order  of  things,  and  that  recuperation  did  follow  in  due  time. 

Fig.  14  represents  the  fluctuations  of  the  water-plane  in  the 
"Oldecker  well",  which  is  1^  miles  northwest  of  San  Bernardino,  at  an 
elevation  of  1  185  ft.,  and  outside  the  limits  of  the  original  Artesian 
belt.  This  well  belongs  to  the  Lytic  Creek  cone.  Until  1911  its 
fluctuations,  broadly  speaking,  corresponded  to  those  of  the  residual 
mass  curve,  and  to  those  of  the  other  wells.  In  1911-12,  however,  there 
was  still  a  rise  in  the  water  level,  which  might  indicate  a  lagging  of 
this  well.  From  1912  to  1915  there  was  a  continuous  decline  of  the 
water-plane  in  the  face  of  the  2  years  of  excessive  rains  of  1913  to  1915. 
The  inference  is  that  there  was  either  deficient  replenishment  in  the 
Lytle  Creek  cone  after  1912,  due  to  the  diversion  of  flood  waters  at  the 
mouth  'of  the  canyon  of  Lytle  Creek,  or  that  there  was  an  excessive 
draft.  Observations  in  this  respect  seem  to  point  to  a  combination  of 
these  circumstances. 
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Fig.  14  tends  to  refute  any  theory  which  would  establish  the 
San  Bernardino  Basin  as  a  unit  in  which  there  is  a  perfect  transmis- 
sion of  pressure  from  one  end  of  the  basin  to  the  other.  It  has  been 
observed  that  in  San  Bernardino,  and  in  the  Lytle  Creek  cone  to  the 
west  thereof,  water  levels  in  1915-16  had  not  returned  to  their  original 
elevations  of  the  early  Nineties,  and  the  swamps  which  were  char- 
acteristic of  the  border  line  of  the  original  Artesian  basin,  had  not 
returned  in  the  Lytle  Creek  region. 

Some  observations  of  surface  wells  have  been  made  at  intervals 
from  1900  to  1916  by  the  U.  S.  Geological  Survey.  These  have  been 
used  to  make  up  Fig.  6,  showing  profiles  of  the  water-plane  of  the 
Santa  Ana  cone  for  1900,  1904,  1915,  and  1916.  The  observations  in 
the  fall  of  the  year  present  the  lowest  water  levels  for  the  season. 
There  are  no  continuous  records  of  pressure  of  any  Artesian  well,  but 
for  1915  and  1916  the  pressure  is  given  for  the  Kehl  flume  well.  Heap 
well,  and  McCrary  wells,  together  with  the  hydraulic  gradient  of  the 
water-plane  of  those  2  years.  The  friction  head  between  the  Artesian 
rim  and  the  Kehl  flume  well  for  the  spring  of  1915  was  approximately 
2  ft.  per  thousand,  and  was  caused  by  the  natural  leakage  which 
appears  in  rising  streams  and  swamps,  as,  at  the  time  the  measure- 
ments were  made,  but  few  Artesian  wells  were  open. 

Fig.  6  is  in  support  of  the  general  hydraulic  theory  which  has  been 
developed  in  the  discussion  of  Fig.  5. 

Another  point  to  be  brought  out  by  Fig.  6  is  that  a  piling  up  of 

water  on  the  debris  cone  has  occurred  for  the  past  12  years.     Storage 

in  the  debris  cone  is  practicable  up  to  the  point  where  the  basin  begins 

to  overflow  over  the  clay  blankets,  as  indicated  by  the  formation  of 

swamps. 

Spreading  of  Flood  Water. 

Seepage  water,  if  applied  on  the  cone  more  or  less  uniformly  from 
the  mouth  of  the  canyon  to  the  rim,  or  in  the  upper  part  of  the  cone, 
would  produce  a  simultaneous  rise  of  the  entire  plane  comparable  to 
tlie  change  from  the  position,  B-B^  to  C-C^,  Fig.  5,  and  the  applica- 
tion of  seepage  water  on  the  area  just  above  the  rim  would  produce  a 
plane  as  shown  by  the  line,  C-D-By 

Conservation  of  flood  water  by  spreading  has  been  accomplished 
mainly  on  the  cone  of  the  Santa  Ana  River  proper,  which,  with  its 
tributary,  Mill  Creek,  controls  a  v/ater-shed  of  250  sq.  miles.     It  was 
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first  practised  by  the  Gage  Canal  Company  as  early  as  1900,  during 
the  dry  period,  and  a  few  years  later  by  the  Riverside  Water  Company. 
The  method  consisted  of  plowing  the  stream  bed  for  some  distance 
above  the  Artesian  rim,  thereby  preventing  a  sealing  up  of  its  pores, 
and  at  the  same  time  splitting  up  the  stream.  The  effect  was  a  change 
of  the  water-plane,  similar  to  the  one  shown  in  Fig.  5,  from  the  posi- 
tion, A-A^  to  B-F-A^,  or  from  B-B^  to  C-D-B^,  producing  an  imme- 
diate heavy  efflux  of  rising  water  in  the  channel  of  the  Santa  Ana 
River  along  the  lines,  A-B  or  B-C.  As  storage  was  limited  to  com- 
paratively small  areas  situated  like  the  area,  A-F-B  or  B-C-D,  large 
portions  of  the  water  must  have  escaped  almost  as  fast  as  they  were 
put  under  ground,  so  that  the  effect  of  storage  was  only  temporary. 
However,  the  Gage  Canal  Company  enjoyed  annually  a  material 
increase  in  the  flow  of  the  river  during  the  early  part  of  the  summer. 

Tiie  farther  up  the  spreading  is  practised  the  more  general  will  be 
the  benefit  on  the  entire  Artesian  basin.  In  1906  the  Gage  Canal 
Company  moved  its  spreading  works  into  the  vicinity  of  the  Santa  Fe 
Railway  crossing,  and  in  1908  the  Riverside  Water  Company  began  to 
spread  water  in  the  upiier  parts  of  the  cone.  Their  efforts  were  united 
in  1909.  In  that  year  an  organization  of  citizens  representing  these 
two  companies,  and  other  local  water  companies,  was  perfected  and 
incorporated  under  the  name  of  "Water  Conservation  Association." 

Through  the  efforts  of  this  Association,  the  Federal  Government, 
by  legislative  act,  set  aside  certain  public  lands  in  the  Santa  Ana 
cone  to  be  used  as  spreading  grounds.  The  lands  were  of  no  practical 
value  for  agricultural  purposes,  being  covered  with  old  river  washes 
and  partly  overgrown  with  desert  brush.  The  Act  of  Congress  was 
under  date  of  February  20th,  1909.* 

Effective  work  has  been  carried  on  by  the  Association  since  1909, 
there  being  now  2  640  acres  under  its  control.  (For  location,  see 
Plate  XXII.)  It  has  filed  upon  500  sec-ft.  of  flood  water  of  the  Santa 
Ana  River.  A  permanent  concrete  lodging  house  for  laborers  has 
been  constructed  on  the  grounds,  and  three  concrete  diversion  weirs 
have  been  built,  of  a  total  capacity  of  200  sec-ft.  The  maximum  quan- 
tity of  water  diverted  during  any  one  day  has  been  about  170  sec-ft. 
The  center  of  the  spreading  works  is  about  4  miles  above  the  1 150-ft. 
contour. 


statute  No.  36,  p.  641. 
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Method  of  Dhtirting. 

There  is  no  permanent  dam  on  the  Santa  Ana  debris  cone  for  the 
diversion  of  storm  waters,  and  this  portion  of  the  work  has  always 
been  the  most  difficult.  The  river  carries  great  quantities  of  debris 
during  floods,  with  boulders  many  tons  in  weight.  The  construction 
of  a  permanent  dam  on  the  debris  cone  would  sooner  or  later  cause  a 
material  change  in  the  course  of  the  river,  and  might  lead  to  extensive 
damages  in  the  valley  below.  Therefore,  only  temporary  dams  are 
built,  which  are  washed  out  with  every  high  flood.  In  1915,  at  the 
suggestion  of  Mr.  W.  E.  Pedley,  of  Riverside,  a  boulder  dam  was  con- 
structed, from  4  to  5  ft.  wide  on  top,  with  a  vertical  up-stream  slope, 
and  a  1  to  1  down-stream  slope;  height,  from  3  to  6  ft.;  length,  about 
200  ft. ;  and  enclosed  with  hog- wire  (mesh  of  No.  9  and  No.  11  gauge) . 
The  dana  was  washed  out  during  the  same  winter.  A  similar  construc- 
tion was  used  during  the  winter  of  1916,  special  care  being  taken  to 
protect  the  down-stream  toe  with  large  boulders,  as  a  result  of  which 
the  dam  withstood  the  1916  flood ;  but  a  by-pass,  about  200  ft.  in  length, 
was  washed  out  arouijd  the  western  abutment.  The  dam  cost  $581  for 
labor,  plus  $40  royalty  to  Mr.  Pedley.  The  writer  believes  that  such 
dams  will  withstand  moderate  floods  and  fulfill  the  purpose  for  which 
they  are  intended.  Brush  and  leaves  made  the  dam  fairly  tight, 
approximately  2  sec-ft.  seeping  away.  However,  the  logical  location 
for  diversion  dams  is  at  the  mouth  of  the  canyon,  where  permanent 
structures  can  be  maintained. 

Method  of   Spreading. 

Three  methods  of  spreading  are  practised.  First,  from  the  main 
diversion  ditch,  small  streams  of  50  in.  or  less  are  diverted  and  split 
up  into  furrows,  plowed  by  teams  or  made  by  hand.  As  long  as  no 
cutting  sets  in  in  the  furrows,  the  rate  of  absorption  is  quite  satis- 
factory, and  the  rivulets  are  not  disturbed.  During  1915  the  maximum 
wetted  area  covered  by  ditches  and  furrows  at  any  one  time  did  not 
exceed  50  acres,  and  diversions  varied  from  120  to  170  sec-ft.  The 
rate  of  absorption  observed  in  experiments  was  3.42  sec-ft.  per  acre  of 
wetted  area. 

The  second  method  consists  of  building  boulder  dams  in  the  old 
channels  of  the  debris  cone,  forming  small  reservoirs  or  ponds.     They 
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are  built  from  6  to  10  ft.  high,  and  made  more  or  less  water-tight  by 
throwing  earth  against  the  up-stream  face.  Nine  ponds  were  con- 
structed, covering  a  total  area  of  about  2  acres.  The  ponds,  at  the 
beginning  of  the  season,  absorb  from  2  to  2.3  sec-ft.  each;  but  their 
absorptive  capacity  decreases  as  the  bottom  becomes  silted  up,  and  at 
the  end  of  the  season  they  have  to  be  scraped.  A  third  method,  tried 
as  an  experiment,  consisted  in  the  construction  of  a  5  by  5-ft.  tim- 
bered pit,  40  ft.  deep;  cost  $483.  Only  clear  water  was  admitted,  and 
the  absorption  did  not  exceed  0.7  sec-ft.  constant  flow. 

The  method  of  spreading  by  splitting  up  the  stream  into  furrows 
is  probably  the  most  efficient,  although  ponds,  once  constructed,  prove 
quite  satisfactory,  requiring  but  little  attention.  From  January  1st 
to  May  31st,  1915,  one  foreman,  two  men,  and  one  team,  were  employed 
in  spreading  from  120  to  170  sec-ft.  The  total  volume  of  water 
diverted  was  26  527  acre-ft.,  and  the  total  expenditure,  $2  600. 

Along  the  spreading  ditches  and  furrows  desert  brush  begins  to 
die  off.  No  water  is  spread  during  the  first  day  or  two  of  a  storm, 
when  the  water  is  muddy. 

It  has  been  claimed  that  large  quantities  hi  water  spread  will 
evaporate.  However,  this  is  not  substantiated  by  facts.  The  evapora- 
tion from  still  water  in  Southern  California  varies  from  60  to  72  in.  in 
depth  per  year,  and  in  swamps  it  is  approximately  96  in.  per  year. 
The  percentage  of  evaporation  during  the  winter,  from  January  to 
May  31st,  is  less  than  one-third  of  the  total  for  the  year.  For  a  wetted 
area  of  50  acres,  as  observed  in  1915,  and  assuming  evaporation  from 
spreading  grounds  equivalent  to  that  from  swamps,  the  total  evapora- 
tion would  not  exceed  133.3  acre-ft.,  which,  compared  with  the  total  of 
26  527  acre-ft.  of  water  spread,  would  be  insignificant. 

In  order  to  determine  the  volume  of  net  artificial  absorption,  it  is 
necessary  to  ascertain  the  natural  absorption  which  would  occur  in  the 
river  bed  for  a  given  stream  discharge.  Table  2  shows  the  percentage 
of  absorption  measured  in  the  stream  bed  between  various  stations,  for 
the  season,  1914-15.  (For  location  of  stations,  see  Plate  XXII.)  The 
center  of  natural  absorption  is  about  2  miles  above  the  1  150-ft.  con- 
tour, that  is,  in  the  vicinity  of  Orange  Street. 

Fig.  15  shows  the  natural  absorption  curve  for  the  Santa  Ana  River 
above  tlie  Artesian  rim.  It  presents  averages  for  the  rainy  season  of 
1915,  and  is  the  result  of  a  great  number  of  observations  made  under 
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\arying  conditions,  and  with  widely  differing  results.  Stream  gaug- 
ings  were  made  by  wading,  and  were  limited  to  discharges  of  less  than 
200  sec-ft.  Generally  speaking,  the  rate  of  absorption  is  much  greater 
after  heavy  storms,  when  the  stream  bed  has  been  torn  up ;  a  prolonged 
period  of  constant  flow  tends  to  silt  up  the  pores  of  the  channel.  The 
percentage  of  absorption  decreases  with  increased  flow,  because  of 
greater  velocities.  On  the  other  hand,  increased  depth  of  water  and 
increased  pressure  would  tend  to  produce  greater  percolation. 

TABLE  2. — AvERAGK  Peucentage  of  Absorption  of  Flow  of 
Santa  Ana  River  from  the  Junction  with  Mill  Creek  to 
THE  Artesian  Rim  near  Palm  Avenue. 


Absorption 

percentage 

per  mile. 


For  a  flow  of  150  sec-ft.  at  the  junction  of  Santa  Ana  Ri\er 
and  Mill  Creek  the  loss  is  as  follows  : 

From  junction  to  Station  2 — J,^  mile 4  S 

"     Station2toSration3— 0.8  mile 9.5  U 

"       3"        "        4— 34  mile 16  21.3 

4'-        "        5— Orange  St.  11^  miles 30  20 

"      5"        "       G— 1  mile 30  30 

'•  "      6  to  point  of  rising  water,  }^  mile  (uncertain)  5  10  (?) 

Assuming  now  a  stream  discharge  of  200  sec-ft.,  of  which  150 
sec-ft.  are  to  be  diverted  and  spread,  50  sec-ft.  remaining  in  the  stream : 
According  to  the  absorption  curve  of  Fig.  15,  of  the  flow  of  50  sec-ft., 
22  sec-ft.  are  absorbed  in  the  natural  stream  channel.  The  total 
absorption  accomplished,  therefore,  is  150  -f-  22  =  172  sec-ft.  The 
probable  natural  absorption  for  a  discharge  of  200  sec-ft.  would  have 
been  108  sec-ft.,  leaving  64  sec-ft.,  or  42^%,  as  net  artificial  absorption. 
On  the  basis  of  similar  computations  for  daily  flow  and  diversions, 
Table  3  has  been  made  up,  which  shows  the  total  net  artificial  absorp- 
tion accomplished  from  1912  to  1915.  The  average  is  48.7%.  or  prac- 
tically 50%  of  the  quantity  of  water  spread. 

During  years  of  low  run-off  the  percentage  of  net  absorption  is 
necessarily  less,  as  the  natural  absorption  is  comparatively  large,  and 
but  small  quantities  escape.  On  the  other  hand,  during  wet  winters, 
in  excess  of  60%  of  the  water  spread  presents  net  artificial  absorp- 
tion. 

The  benefits  from  spreading  are  twofold:  First,  there  is  the  above 
mentioned  increase  in  the  volume  of  water  which  reaches  the  under- 
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ground  basin;  second,  on  account  of  the  application  of  spread  waters 
about  2  miles  higher  up  on  the  debris  cone,  as  compared  with  the  loca- 
tion of  the  main  natural  seepage,  there  is  an  increase  in  the  length  of 
time  for  which  the  underflow  is  stored,  and  this  applies,  not  only  to 
the  volume  of  net  artificial  absorption,  bxit  to  the  total  water  put  under 
ground. 

The  result  is  a  delay  in  the  time  of  efflux  of  the  water  which  is 
applied  at  greater  distance  above  the  rim.     Some  light  is  thrown  on 
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the  subject  by  a  study  of  the  fluctuations  of  the  "Williams  well", 
sufficiently  frequent  observations  of  which  are  available,  from  1898 
to  date.  See  Figs.  16  to  23.  The  well  is  600  ft.  south  of  the  present 
channel  of  the  Santa  Ana  Eiver,  at  an  elevation  of  1 152  ft.,  and, 
therefore,  near  the  Artesian  rim  when  the  basin  is  full.  In  Fig.  20 
the  semi-seasonal  fluctuations  of  this  well  are  shown,  together  with 
other  data  which  bear  on  the  subject. 
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TABLE  3. — Conservation  Accomplished  in   Santa  Ana   Cone  from 

1912  to.  1915. 


Date. 


1913 

March 

April 

May 

Total  for  1911-12 

1913 

February 

March 

Total  for  1912-13 

1913 

November 

December 

vn4 

January 

February 

March..". 

April 

May 

Total  for  1913-14 

1914 
December 

1915 

January 

February 

March 

April 

May 


Total 
quantity 
spread,  in 
acre-feet. 


Total 
absorption 

accom- 
plished, in 
acre-feet. 


Computed 

natural 
absorption 

in  river 
bed  without 
spreading, 

in 
acre-feet. 


Net  Artificial 
Absorption  Due  to 

SPREADrNG. 


acre-feet. 


4  405 
4  176 

508 


089 


4  803.0 
4  880.0 
1  130.0 


2  875 

3  186 

834 


1  937.0 

1  694.0 

296.0 


Percentage. 


10  812.0 


6  895 


615 
1  424 


115 
215 


1  004.0 

2  062.7 


3  066. 


709 
1  017 


295.0 
1  015.7 


1  756 


1  310.7 


370.0 
673.3 


.370 
601 


00.0 
73.3 


44.0 
40.5 
58.0 


4'<.0 
71.0 


0.0 
34.0 


330 


73.2 


3  970 

4  745 
7  462 
1  900 

5  544 


5  881.0 
7  784.0 
7  827.0 
4  410.5 

6  078.0 


3  885 
5  576 
5  ViS 

3  780 

4  000 


1  996.0 

2  208.0 
2  704.0 

630.5 
2  078.0 


51.3 

46.7 
36.2 
.33.0 
37.5 


31  980.5 


22  364 


9  616.5 


1  213 

4  580 
7  800 
4  014 


1  957.0 
9  235.0 
9  668.0 
8  993.0 
14  624.0 


1  186 

7  230 
6  151 
6  663 

8  580 


475.0 


771.0 

2  015.0 

3  517.0 
2  330.0 
6  044.0 


67.0 


64.0 
44.0 
45.0 
58.0 
67.0 


Total  for  1914-15. 


37  340 


45  699.0 


30  547 


15  153.0 


Average  net  absorption . 


48. 


The  run-off  of  the  Santa  Ana  River  is  representative  of  the 
stream  flow  which,  in  part,  produces  the  natural  replenishment  of 
the  underground  basin.     The  artificial  abstractions  by  the  Gage  Canal 
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Company  and  the  Riverside  Water  Company  are  representative  of 
fluctuations  of  draft  on  the  basin.  Both  these  companies  utilize  the 
flow  of  rising  streams,  which  they  supplement  by  the  output  from 
wells.  There  has  been  a  steady  increase  in  abstractions  by  other 
parties,  notably  by  the  City  of  San  Bernardino,  the  City  of  River- 
side, the  Riverside-Highland  Water  Company,  and  by  farmers  operat- 
ing within  the  limits  of  the  Santa  Ana  cone.  In  the  absence  of  sys- 
tematic measurements,  these  abstractions  are  indicated  by  a  dash 
line;  in  a  moderated  form  they  are  subject  to  fluctuations  similar  to 
those  of  the  Riverside  Water  Company  and  the  Gage  Canal  Company. 

The  effect  of  spreading  can  be  observed  in  a  general  way  in  a 
moderation  of  the  fluctuations  in  the  "Williams  well"  from  1907  to 
1916.  Other  conditions  being  equal,  the  magnitude  of  seasonal  fluc- 
tuations of  the  water-plane  depends  on  the  position  of  the  plane,  that 
is,  whether  the  basin  is  full  or  in  a  state  of  depletion.  The  higher 
the  water-plane  the  greater  will  be  the  pressure  on  the  Artesian  strata 
and  the  larger  the  volume  of  water  escaping,  and,  therefore,  the  greater 
the  seasonal  drop;  and  vice  versa.  On  the  other  hand,  with  equal 
replenishment,  the  seasonal  rise  is  greater  for  a  depleted  plane  than 
for  a  full  basin. 

This  phenomenon  is  shown  in  detail  in  the  6th  and  7th  profiles  of 
Plate  XXIII.  Comparing  seasons  where  conditions  of  rainfall  and  run- 
off are  alike,  the  effect  of  artificial  spreading  should  be  noticeable 
by  a  greater  seasonal  rise.     This  is  shown  in  Table  4. 

TABLE  4. — Seasonal  Rise. 
(Figs.  16  to  23.) 


Season. 

Rainfall, 
in  inches. 

Run-off, 
in  acre-feet. 

Seasonal  rise. 

Williams  well, 

in  feet. 

Additional  rise 

attributed  to 

spreading, 

in  feet. 

1902  03 

17.42 

59  600              i             -t-  8.0 

h.!i    +2-5 

1909-10 

15.03 

5S  000                         -i-  10.5 

1901-02 

11.15 

26  200 

-1-0.48 

1 

+  1 .3 

1913-13 

11.08 

37  600 

-fl.S 

.■Ji..     -IrjLl 
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A  still  better  criterion  is  represented  by  the  seasonal  drop,  as 
shown  in  Fig.  22.  It  will  be  noticed  that  after  1907,  and  up  to  1911, 
the  drop  became  more  uniform,  varying  from  8  to  9.5  ft.  From  1911 
to  1915  it  has  fluctuated  between  6.5  and  7.5  ft.  Prior  to  1907  a 
higher  water-plane  generally  caused  a  greater  seasonal  drop,  but, 
subsequent  to  1907,  this  rule  does  not  obtain,  as  is  shown  by  Table  5. 


TABLE  5.— Seasonal  Drop. 
(Fig.  22.) 


Season. 

Rainfall, 
in  inches. 

Depth  to  water, 

Williams  well, 

in  feet. 

Seasonal  drop, 
in  feet. 

Reduction  of  seasona 
drop  attributed  to 
spreading,  in  feet. 

1900-01 

1T.36 

20 

—  11.18 

190S-03 

17.42 

30 

-8.62 

1910-11 

16.40 

4.5 

—  r.oi 

1.61  to  4.17 

1913-14 

21.45 

5.5 

—  7.03 

1.58  to  4.15 

It  may  be  stated,  therefore,  that  the  effect  of  spreading  has  been  to 
increase  the  seasonal  rise  and  decrease  the  seasonal  drop  of  the  water- 
plane  above  the  Artesian  rim.  Apparently,  the  higher  up  on  the 
debris  cone  the  spreading  process  is  practised  the  longer  will  be  the 
time  of  storage  and  the  greater  the  benefit. 

A  reduction  of  the  seasonal  drop  of  from  2  to  3  ft.  at  the  Artesian 
rim  is  equivalent  to  an  average  of  from  3  to  4  ft.  for  the  entire  basin 
of  the  Santa  Ana  cone  above  the  rim.  This  means  that,  as  a  result  of 
spreading,  a  prism  of  valley  fill  of  a  base  area  equivalent  to  the  area 
of  the  Santa  Ana  cone  above  the  rim,  and  of  an  average  height  of 
from  3  to  4  ft.,  has  been  annually  preserved  in  a  saturated  condition. 
The  area  referred  to  is  approximately  15  000  acres,  and  the  volume  of 
the  prism  is  from  45  000  to  60  000  acre- ft.  Allowing  one-third  for 
voids  in  the  gravel  fill,  the  annual  beneficial  storage  would  be  not  less 
than  15  000  acre-ft.  The  value  of  1  acre-ft.  of  water  in  the  San  Ber- 
nardino country  varies  from  $5  to  $8,  and  the  annual  benefit  due  to 
spreading  operations  may  be  estimated  at  $100  000.  The  expenditures 
for  spreading  have  varied  from  $1  000  to  $3  000  per  year,  and  the  cost 
per  acre-foot  of  water  put  under  ground,  from  5  to  20  cents. 
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The  foregoing  analysis  also  points  to  the  benefits  to  be  derived  from 
the  spreading  of  flood  waters  during  years  of  moderate  and  deficient 
rains,  when  the  stream  bed  naturally  absorbs  all  the  flow,  provided, 
however,  that  the  spreading  is  done  in  the  upper  parts  of  the  cone. 

It  is  of  interest  to  note  that  the  variations  in  artificial  abstrac- 
tions from  1911  to  1915,  as  depicted  in  Fig.  23,  do  not  seem  to  affect 
the  seasonal  drop,  meaning  that,  whatever  the  volume  of  artificial 
abstractions  may  have  been  during  those  years,  it  was  less  than  the 
quantity  of  water  which  would  naturally  have  escaped. 

The  question  arises  whether,  in  view  of  the  3  years  of  excessive 
rains,  from  1913  to  1916,  the  water-plane  would  have  returned,  regard- 
less of  spreading  operations.  Rainfall  conditions  during  these  years 
were  very  much  like  those  of  1904  to  1907,  when  spreading  was  done, 
but  on  a  small  scale.  The  effect  during  these  years  was  a  rise  in  the 
Williams  well,  from  a  depth  of  42.87  ft.  in  the  fall  of  1904,  to  8.1  ft. 
in  the  spring  of  1907,  or  a  total  of  34.77  ft.  On  the  other  hand,  in  the 
fall  of  1913 — that  is,  at  the  beginning  of  the  last  3-year  period  of 
excessive  rains — the  water  stood  only  at  a  depth  of  20.57  ft.  In  view 
of  this,  it  is  believed  that  the  water-plane  in  1916  would  have  returned 
to  its  original  elevation  of  the  early  Nineties,  regardless  of  spreading. 
It  was  observed  that  large  volumes  of  rising  water,  varying  from  80 
to  150  sec-ft.,  appeared  in  the  Santa  Ana  River  in  the  spring  of  both 
1915  and  1916,  indicating  that  in  the  spring  of  1915  the  basin  was 
full  and  beginning  to  overflow,  and  that  a  large  percentage  of  the 
spread  water  must  have  flowed  out  over  the  Artesian  rim. 

This  fact,  however,  does  not  impair  the  value  of  spreading  opera- 
tions. Undoubtedly,  for  a  number  of  years  prior  to  1915,  the  water- 
plane  was  maintained  at  a  higher  elevation,  and  parallel  therewith 
the  flow  of  rising  streams  and  wells  in  the  valley  was  greatly  in  excess 
of  what  it  naturally  would  have  been,  annually  shortening  thereby 
the  time  during  which  deficiencies  in  Artesian  flow  had  to  be  supple- 
mented by  pumping.  Furthermore,  if,  prior  to  1915,  we  had  entered 
a  period  of  dry  years,  the  basin  would  have  been  in  better  condition 
to  tide  over  the  same. 
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1 )  I  S  O  U  S  S  I  O  IST 


Lee 


Mr.  Charles  H.  Lee,*  Assoc.  M.  Am.  Soc.  C.  E.  (by  letter). — The 
author  has  presented  a  remarkably  clear  and  concise  analysis  of 
hydraulic  conditions  in  the  San  Bernardino  Basin,  and  has  added  a 
valuable  contribution  to  scientific  ground-water  literature.f  His  long- 
term  comparisons  of  residual  mass  curves  of  rainfall  and  run-off  and 
well  and  Artesian  stream-flow  fluctuations,  are  especially  illuminating. 
The  writer  was  much  interested  to  find  that  the  author,  with  additional 
data  for  4  years  and  well  records  not  previously  available,  has  reached 
practically  the  same  conclusions  as  he  himself  reached  in  1912  after 
an  extended  study  of  the  situation. 

The  conclusions  which  the  -writer  draws  from  the  paper  with 
regard  to  the  local  conditions  in  the  San  Bernardino  Basin  are: 

1. — That  ground-water  levels  and  the  associated  phenomena  of 
Artesian  pressure.  Artesian  well  flow,  and  Artesian  spring  and  stream 
flow,  in  the  San  Bernardino  Basin,  have  wide  natural  fluctuations 
corresponding  to  the  broad  variations  in  annual  rainfall  and  run-oflF. 

2. — That,  thus  far  in  its  history,  artificial  extractions  and  absorp- 
tion have  had  but  a  minor  effect  on  these  natural  fluctuations,  the 
predominating  influence  being  natural  rainfall  and  run-off  variations. 

3. — That,  in  the  main,  the  supply  of  the  Basin  is  not  being  over- 
drawn or  depleted  by  artificial  means,  except  in  the  northwest  or 
Lytle  Creek  arm. 

4. — That  artificial  additions  to  the  ground-water  supply  of  the 
Basin  by  water  spreading  on  the  upper  portion  of  the  Santa  Ana 
cone  have  benefited  that  supply  by  bringing  about  a  quicker  return 
to  normal  conditions  after  the  drought  ending  in  1904,  and  have  pro- 
vided an  element  of  insurance  against  a  new  series  of  dry  years. 

These  conclusions,  with  regard  to  local  conditions,  the  writer 
believes,  are  all  in  agreement  with  those  of  the  author. 

A  point  on  which  the  author  has  not  dwelt,  but  which  the  writer 
regards  as  an  important  one  from  the  standpoint  of  the  future  history 
of  the  Basin,  is  the  extent  of  the  surplus  which  remains  undeveloped. 
The  writer  believes  that,  as  long  as  swamp  areas  persist  within  the 
boundaries  of  the  Artesian  basin,  there  is  a  large  undeveloped  surplus, 
represented  by  the  evaporation  and  transpiration  losses  from  the  moist 
soil  and  vegetation.  The  area  of  swamp  land,  although  decreased  in 
extent  about  40%  in  1904,  still  embraced  in  that  year  more  than  10 
sq.  miles,  and  has  been  steadily  increasing  since  then.  The  annual 
volume  of  water  lost  by  evaporation  and  transpiration  from  the  10  sq. 

*  Los  Angeles,  Cal.  Mr.  Lee's  discussion  was  presented  before  the  Southern 
CaHfoniia  Association  of  Members  of  the  American  Society  of  Civil  Engineers,  at  its 
meeting  of  April  11th,  1917. 

t  Report  of  the  Conservation  Commission  of  California,  1912,  pp.  339  to  399. 
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miles  of  swamp  in  190-i,  represented  at  least  25  000  acre-ft.,  or  nearly  Mr. 
TO  sec-ft.,  during  the  irrigation  season.  Thi^  loss  is  capable  of  devel-  ^^' 
opment  by  any  means  that  will  lower  the  plane  of  saturation  below 
the  ground  surface  beyond  the  capillary  limit  of  from  6  to  8  ft.  The 
latter  may  be  accomplished  by  complete  relief  of  Artesian  pressure,  or  by 
local  drainage,  either  with  tile  or  shallow  pumping  on  an  extensive 
scale. 

Passing  from  matters  of  strictly  local  inteiest,  the  writer  recog- 
nizes two  general  conclusions  to  be  drawn  from  the  paper : 

1. — The  residual  mass  curves  of  rainfall  and  run-off  are  very  useful 
in  determining  the  natural  tendencies  of  the  water-plane  and  related 
Artesian  phenomena  in  an  underground  basin.  The  writer  would 
not  call  them  safe  criteria,  however,  without  certain  qualifications. 
First,  the  rainfall  and  run-off  records  should  be  of  sufficient  length 
to  have  established  stable  average  seasonal  values,  otherwise  the  curves 
may  be  distorted  too  badly  to  interpret  their  meaning.  Records  should 
be  at  least  30  years  in  length,  although  longer  periods  are  to  be  pre- 
ferred. Comparison  of  Figs.  1  to  3  shows 'that  slight  modifications 
of  the  curve  result  from  extending  the  period  from  30  to  40  and  45 
years.  Second,  the  curves  must  be  properly  interpreted.  It  should 
be  recognized  that  the  zero  line  does  not  necessarily  represent  average 
conditions  of  ground-water  level.  The  accumulated  deficiency  or  excess 
of  rainfall  or  run-off  at  the  beginning  of  a  period  under  investigation 
is  usually  unknown.  The  author  has  assumed  it  to  be  zero.  As  a 
matter  of  fact,  it  probably  differs  from  zero,  and  the  cixrve  as  a  whole 
should  be  either  raised  or  lowered  with  respect  to  the  zero  line.  This 
fact  does  not  affect  the  shape  of  the  curve,  however,  and  it  is  this 
from  which  the  most  useful  information  can  be  gained.  Third,  it 
should  also  be  remembered  that  the  quantity  of  rainfall  or  run-off 
bears  no  direct  relation  to  the  volume  of  absorption.  The  depleted 
basin  might  be  almost  fully  replenished  by  one  very  heavy  year,  such 
as  1883-84,  and  the  absorption  during  succeeding  wet  years  might 
be  small,  due  to  the  inability  of  the  basin  to  receive  further  accretions ; 
on  the  other  hand,  rainfall  and  run-off,  although  large  during  a  given 
year,  might  not  be  excessive  with  respect  to  the  volume  of  depletion, 
and  a  number  of  such  years  in  succession  might  be  required  to  fill 
the  basin,  as,  for  example,  the  period  from  1904  to  date.  These 
conditions  would  result  in  a  disproportionately  high  peak  in  the 
mass  curve  in  1892-93  as  compared  with  1915-16,  and  equal  peaks  would 
occur  in  the  ground-water  and  Artesian  phenomena.  Examination 
of  Figs.  7  to  14  indicates  that  the  actual  state  of  affairs  was  as  just 
described.  It  is  obvious,  therefore,  that  no  horizontal  line  can  be 
drawn  on  a  rainfall  or  run-off  residual  mass  curve  which  will  accurately 
represent  average  conditions  with  respect  to  ground-water  levels.  The 
critical  ground-water  stages,  the  rapidity  of  change  from  one  stage 
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Mr.  to  another,  and  the  general  tendency  during  any  period,  however,  are 
shown  very  clearly  and  accurately  by  such  curves. 

2. — Evidences  of  over-draft  on  ground-water  supply  exist  in  a 
basin,  if  during  a  period  of  several  years  of  accumulating  excess  rain- 
fall and  run-ofF,  such  as  that  since  1904,  there  is  not  a  corresponding 
recovery  of  any  or  all  of  the  following:  Ground-water  level  in  wells 
outside  the  pressure  area;  Artesian  pressure  within  the  pressure  area; 
Artesian  flow  from  wells;  and  flow  of  springs  or  streams  fed  from 
ground-water,  or  the  area  of  permanent  swamp  land  or  cienaga.  The 
last  of  these  phenomena  the  author  has  not  discussed  comprehensively 
in  his  paper.  The  writer  regards  it  as  a  natural  barometer  of  Artesian 
conditions,  and  one  about  which  fairly  accurate  information  can  usually 
be  obtained  from  residents  in  the  locality.  Evaporation  from  such  an 
area  is  one  of  the  natural  outlets  of  an  Artesian  basin,  and  its  area 
from  time  to  time  indicates  the  relative  volumes  of  waste  from  the  basin. 
Taking  up  the  paper  more  in  detail,  there  are  several  minor  points 
on  which  the  writer  wishes  to  comment. 

The  author  states  that  "the  hydraulic  head  at  any  point  [in  the 
surface  of  the  Artesian  basin]  is  equivalent  to  the  difference  of  the 
topographic  elevation  between  that  point  and  the  Artesian  rim."  The 
writer  would  qualify  this  by  deducting  pressure  losses  within  the 
Artesian  basin.  There  is  continued  leakage  from  the  basin,  and  move- 
ment of  ground-water,  with  accompanying  hydraulic  friction  losses. 
The  line  of  hydraulic  pressure  has  a  slope  within  the  Artesian  basin, 
just  as  in  a  pipe  line.    This  is  clearly  shown  by  Fig.  6. 

The  author  speaks  of  evaporation  from  swamps  in  Southern  Cali- 
fornia as  being  96  in.,  or  33%  greater  than  from  a  free  water  surface. 
The  writer  has  made  extensive  investigation  of  this  subject,  and  believes 
that  the  author's  figure  is  a  little  high.  For  wet  swampy  ground  with 
vegetation  and  without  an  excessive  accumulation  of  alkali  salts,  the 
writer  found  the  losses  to  be  about  15%  greater  than  that  from  the 
surface  of  a  large  body  of  water.  For  wet  bare  soil,  with  the  plane  of 
saturation  practically  at  the  surface,  he  has  found  it  slightly  less,  the 
quantity  being  more  than  90%  of  that  from  a  free  water  surface.  For 
greater  depths  to  the  plane  of  saturation,  the  losses  decrease  until  the 
limit  of  capillary  action  is  reached  at  from  6  to  9  ft.  below  the  surface. 

The  writer  does  not  fully  agree  with  the  author  in  his  method  of 
determining  the  effect  of  water  spreading  on  the  Santa  Ana  cone.  His 
reasons  are  as  follows : 

1.- — Comparisons  of  the  volume  of  water  equivalent  to  the  annual 
rise  or  lag,  in  feet,  which  the  author  states  is  due  to  water  spreading,  do 
not  agree  with  the  volumes  of  water  actually  spread. 

The  author  ascribes  an  additional  rise  of  the  water  plane,  due  to 
water  spreading,  of  1.3  ft.  over  about  15  000  acres  of  the  Santa  Ana 
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cone  during  the  season  of  1912-13.  The  actual  volume  spread  was  Mr. 
3  066.7  acre-ft.  (Table  3),  which,  assuming  a  porosity  of  one-third,  ^®^' 
would  represent  a  depth  of  only  0.6  ft.  instead  of  1.3  ft.,  as  the  author 
determines  from  the  fluctuations  of  the  Williams'  well.  Again,  the 
author  concludes  that  the  permanent  result  of  water  spreading  has  been 
to  raise  the  average  ground-water  level  from  3  to  4  ft.  over  the  Santa 
Ana  cone,  above  what  it  would  have  been  if  no  spreading  had  occurred. 
The  average  annual  volume  spread  for  the  past  five  seasons  is  12  460 
acre-ft.  (Table  3),  of  which  50%  (Table  3)  would  have  been  absorbed 
from  the  natural  stream  if  not  spread.  Approximately,  one-third  of 
the  latter  would  have  been  absorbed  below  the  present  spreading  ground 
near  the  Artesian  rim,  however,  and  would  have  soon  escaped  (Table 
2).  The  net  annual  volume  absorbed  as  a  result  of  water  spreading, 
therefore,  is  approximately  8  000  acre-ft.  Assuming  a  porosity  of  one- 
third,  this  represents  a  ground-water  rise  of  1.6  ft.  over  15  000  acres, 
instead  of  from  3  to  4  ft.,  as  estimated  by  the  author. 

2. — Conclusions  based  on  the  Williams'  well  alone  do  not  neces- 
sarily apply  to  the  whole  cone.  To  be  sure,  the  Williams'  well  is  near 
tlie  ground-water  outlet,  and  its  fluctuations,  if  unaffected  by  artificial 
draft,  should  be  less  than  from  places  higher  up  on  the  cone.  On  the 
other  hand,  it  is  near  the  area  in  which  the  Gage  Canal  wells  are 
situated,  and  is  directly  below  and  in  the  line  of  advance  of  water 
absorbed  on  the  spreading  grounds.  Fully  half  the  area  of  the  cone  is 
south  of  the  spreading  grounds,  and  not  in  the  direction  of  the  steepest 
ground-water  slope.  Considering  the  cone  as  a  whole,  the  writer  does 
not  believe  that  the  fluctuation  in  the  Williams'  well  is  even  an  approxi- 
mate measure  of  the  average  fluctuation  over  the  whole  cone.  The  only 
certain  method  of  determining  the  latter  is  from  detailed  ground-water 
contour  maps  based  on  records  at  numerous  wells,  both  within  and 
surrounding  the  spreading  ground,  and  showing  the  ground-water  ele- 
vation throughout  the  cone  at  successive  dates.  Such  maps  would  afford 
a  simple  and  comprehensive  basis  for  the  solution  of  the  problem  both 
of  the  quantitative  benefit  of  spreading  and  also  the  probable  area  re- 
ceiving the  greatest  benefit,  if  any. 

The  writer,  however,  does  not  wish  to  be  understood  as  taking  the 
position  that  the  Williams'  well  does  not  show  the  effect  of  water 
spreading.  On  the  contrary,  he  believes  that  this  record  affords  evi- 
dence of  the  type  he  failed  to  find  in  1912,  namely,  observations  of 
ground-water  fluctuations  in  the  vicinity  of  the  spreading  grounds.  The 
point  on  which  he  differs  from  the  author  is  in  the  quantitative  effect 
which  water  spreading  has  had  on  the  general  rise  of  the  plane  of 
saturation  on  the  Santa  Ana  cone.  The  writer  would  be  inclined  to 
place  the  actual  annual  average  ground-water  rise  due  to  water  spread- 
ing at  from  1  to  2  ft.,  instead  of  from  3  to  4  ft.,  as  does  the  author. 
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Mr.  This  rise  is  greatest  within  the  spreading  grounds  and  directly  west 
^^.^'  thereof,  being  comparatively  small  to  the  north  and  south  of  the  spread- 
ing ground. 

The  important  point  which  the  author  has  brought  out,  and  with 
which  the  writer  agrees,  is  that,  as  a  result  of  water  spreading,  an 
average  annual  volume  of  12  000  acre-ft.  has  been  absorbed  on  the  upper 
Santa  Ana  cone,  of  which  50%  would  otherwise  have  flowed  immediately 
to  the  ocean  as  flood  water,  and  approximately  17%  would  have  been 
absorbed  so  low  on  the  cone  that  it  would  have  rapidly  escaped  into 
the  stream.  The  net  result  is  the  annual  storage  of  at  least  8  000 
acre-ft.  of  water  at  a  point  on  the  cone  from  which  it  cannot  escape 
for  a  period  of  2  years  or  more,  and  is  thus  available  as  a  dry-year 
reserve  for  pumping  or  Artesian  draft  from  wells.  The  writer  heartily 
agrees  with  the  author  that  water  spreading  should  be  confined  to  the 
upper  cone,  and  should  be  carried  on  in  dry  as  well  as  in  wet  years. 
The  greater  the  volume  of  flood  and  winter  water  which  can  be  thus 
stored  in  the  gravels,  the  more  valuable  will  this  work  become. 

The  writer  notes  with  interest  the  author's  data  with  respect  to  the 
results  obtained  by  the  three  different  methods  of  water  spreading.  The 
relative  simplicity  and  low  cost  of  surface  spreading  would  seem  to 
indicate  that  the  use  of  shafts  is  not  desirable  unless  the  area  of  the 
spreading  ground  is  restricted.  The  quantity  of  water  which  the 
author  states  was  absorbed  by  each  shaft  is  less  than  that  which  the 
writer  understands  was  absorbed  by  similar  shafts  in  Lytle  Creek 
Canyon.  The  writer  was  informed  in  1912  by  Mr.  C.  M.  Racor,  Engi- 
neer for  the  Fontana  Development  Company,  that  each  of  these  shafts 
absorbed  from  1  to  2  sec-ft. 

The  writer  has  had  opportunity  to  investigate  a  number  of  the 
ground-water  basins  of  Southern  California  during  recent  years,  and 
has  found  that  not  all  have  recovered  from  the  low-water  conditions  of 
1904.  The  great  coastal  plain  Artesian  basin,  for  instance,  remains 
generally  in  the  same  condition  as  in  1904,  and,  locally,  the  height  of 
the  water  plane  and  Artesian  pressures  have  diminished  to  even  a 
greater  extent  than  in  that  year:  This  is  due  in  part  to  the  extensive 
pumping  developments  since  1904,  but  more  particularly  to  the  wastefiil 
practice  of  allowing  Artesian  wells  to  flow  without  restrictions  during 
the  winter.  These  wells  are  situated  principally  along  the  lower  edge 
of  the  basin,  and  the  water  thus  escaping  serves  no  useful  economic 
purpose. 

Another  basin  which  has  not  recovered  and,  in  fact,  has  steadily 
fallen  since  1904,  is  the  Perris  Valley.  This  is  apparently  due  to  over- 
draft by  pumping.  Much  of  the  water  thus  developed  is  used  outside 
the  valley. 
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James  Hyde  Forbes,*  Jun.  Am.  Soc.  C.  E.  (by  letter). — The  writer  Mr. 
has  read  this  paper  with  interest,  but  is  somewhat  disappointed  at  the 
brevity  with  which  the  author  has  treated  some  phases  of  a  subject  on 
which  many  interesting  data  were  collected  and  studied.  It  was  the 
writer's  privilege  to  be  associated  with  the  author,  J.  B.  Lippincott, 
M.  Am.  Soc.  C.  E.,  and  Mr.  Kingsbury  Sandborn  in  the  recent  litiga- 
tion between  the  City  of  San  Bernardino  and  the  City  of  Riverside, 
being  engaged  in  the  collection,  study,  and  preparation  of  data  for 
presentation  in  Court,  7  months  of  continuous  residence  having  been 
spent  in  the  vicinity  stiidied,  for  2  months  of  which  he  was  at  the 
spreading  works. 

As  the  hydraulic  phenomena  are  entirely  due  to  geologic  conditions, 
the  writer  believes  that  a  more  detailed  geologic  description  would  add 
to  the  interest  of  the  paper. 

Geologic  History  of  the  San  Bernardino  Basin. — The  mountains 
limiting  the  basin  on  the  northeast  are  of  granite  of  an  early  geologic 
age;  in  fact,  they  are  the  basement  complex  of  this  region.  Lenses  of 
secondary  crystalline  limestone  are  contained  in  the  granite  mass,  but 
there  are  no  evidences  of  late  volcanic  intrusions  or  "dikes".  South- 
east and  northwest  of  the  basin  are  other  ranges  of  granite,  and  there 
are  outcropping  points  of  granite  south  of  it,  so  that  its  main  base  or 
floor  is  comjjosed  of  an  impervious  granite  mass. 

These  granite  ranges  are  of  complex  structure,  and  have  been  greatly 
faulted.  The  main  trend  of  the  major  structure  lines  is  northwest- 
southeast,  in  common  with  those  of  the  Coast  Ranges  of  Southern 
California.  These  structure  lines  were  established  at  an  early  period, 
and  later  strains  have  adjusted  themselves  along  the  same  lines.  The 
major  faults  extend  for  many  miles,  following  the  same  general  trend, 
on  each  side  of  the  basin.  The  great  San  Andreas  fault,  running 
through  San  Gorgonia  and  Cajon  Passes,  can  be  traced  along  the  base 
of  the  mountains  forming  the  northern  limit  of  the  basin.  A  minor 
series  of  structural  lines  lies  just  north  and  south  of  it.  The  San 
Jacinto  fault  also  is  a  major  structural  feature,  easily  recognized  from 
the  topography,  extending  along  the  base  of  the  San  Jacinto  Mountains 
across  the  San  Bernardino  Valley  above  Colton  and  through  Lytle 
Canyon.  About  5  miles  west  of  the  mouth  of  Lytle  Creek,  the  San 
Jacinto  fault  converges  into  the  San  Andreas  fault,  making  those 
two  structural  features  of  practically  one  zone.  The  steep  sides  of 
the  mountains  are  immense  fault  scarps,  greatly  shattered  and  meta- 
morphosed. 

The  granite  masses  in  the  San  Bernardino  Basin  have  been  ex- 
tensively deformed,  and  the  deformation  is  expressed  in  a  series  of 
block   faults.      Massive   granite   is   primarily    an    igneous    magma    of 

*  Lindsay,  Cal. 
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Mr.  crystalline  character,  but  it  is  often  subjected  to  stresses  such  that 
■  the  granite  is  broken  into  huge  blocks  which  are  tilted  and  displaced 
with  reference  to  each  other.  In  the  immediate  vicinity  of  some  of  the 
fault  zones,  in  the  instant  case,  the  granite  has  been  metamorphosed 
by  intense  pressure  and  frictional  heat,  and  has  taken  the  form  of 
schists  and  gneiss. 

As  faults  are  joints  or  cracks  in  the  rock  formation  along  which  the 
strata  have  been  displaced,  the  result,  whether  the  displacement  is 
slight  or  great,  is  a  break  in  the  continuity  of  the  strata,  with  a  line 
of  rupture,  or  a  zone  of  fractured  material,  normal  to  the  stratification. 
These  fault  zones  allow  a  free  movement  of  absorbed  water  to  con- 
siderable depths,  and  this  water  may  take  up  the  heat  generated  by 
the  friction  of  the  grinding  mass.  The  close  relation  of  hot  springs 
and  hot  wells  to  fault  zones  is  generally  understood,  and,  where  fault 
lines  are  lost  in  alluvial  valleys,  they  may  often  be  traced  by  hot 
springs  and  wells. 

The  faults,  marking  the  lines  along  which  the  main  subsidence  of 
the  San  Bernardino  Basin  block  has  occurred,  are  showa  by  the  topog- 
raphy west  of  the  valley.  A  fault  scarp  forming  the  south  side  of 
Cajon  Canyon  is  the  northern  line;  that  on  the  south  side  of  Lytle 
Creek  is  the  southern  line.  The  general  change  in  elevation  of  the 
topography  between  is  the  greatest  feature,  indicating  a  subsidence. 
JSTorth  of  Cajon  Canyon  and  south  of  Lytle  Canyon,  the  elevations  are 
.5  000  ft.  and  more,  but  between  these  two  canyons  the  maximum  eleva- 
tion is  3  750  ft. 

Previous  to  the  deformation  which  resulted  in  the  differentiation  of 
highlands  and  lowlands,  the  topography  was  somewhat  level  and  the 
mountains  were  low.  This  is  deduced  from  the  present  topography  of 
Ferris  Valley  and  the  top  of  the  table-land  at  Bear  Valley.  An  old 
lake  occupied  the  lowest  and  largest  part  of  the  valley.  In  this  was 
deposited  the  fine  sands  and  gravel  which  make  up  the  earliest  sedi- 
mentary formation.  These  sediments  are  sands,  clays,  and  gravel;  the 
sands  are  fine-grained  and  mica  is  abundant.  The  fact  that  the  ferro- 
magnesium  minerals  are  not  broken  down  through  oxidation  attests 
to  deep-water  deposition.  In  places,  the  clays  are  metamorphosed  some- 
what, producing  shale.  East  of  the  basin  this  slightly  consolidated 
stratified  material  has  been  gently  folded  and  bent,  adjusting  itself  to 
the  crustal  movements  of  the  underlying  granite.  The  period  of  depo- 
sition was  brought  to  a  close  by  crustal  movements  which  occurred 
along  the  major  fault  lines  previously  described  and  the  minor  struc- 
ture lines  related  to  these  fault  zones.  It  was  then  that  the  San 
Bernardino  Mountains  were  raised  above  the  floor  of  the  valley.  Con- 
temporaneous with  this  movement  was  the  San  Jacinto-Bunker  Hill 
fault  movement,  which  formed  the  San  Jacinto  Mountains  and  caused 
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the  subsidence  of  the  Sail  Bernardino  Valley  between  the  Bunker  Hill     Mr 
fault  and  the  San  Bernardino  Mountains,  forming  the  San  Bernardino 
Basin. 

At  the  end  of  this  movement,  the  older  alluvium  was  deposited  by 
the  streams  which,  under  the  new  topographical  conditions,  had  higher 
and  more  precipitous  water-sheds.  This  older  alluvium'  consists  of 
extensive  deposits  of  coarse  boulders  and  gravel  at  the  canyon  mouths 
and  lenses  of  gravels  and  stream-formed  clay  and  sand  throughout  the 
valley,  laid  down  about  in  the  manner  that  the  present  deposition  is 
being  carried  on.  The  red  mesa  lands  are  stream  deposits,  being 
mostly  the  weathered  product  of  the  eroded  earliest  sediments  with  the 
original  abundant  ferro-magnesium  minerals  oxidized  into  red  iron 
oxide. 

Further  movement  along  the  same  lines  followed  the  deposition  of 
the  older  alluvium,  and  still  continues  to  some  extent.  In  ol(rhistories 
of  the  valley  we  find  records  of  earthquakes  felt  intensely  in  the  vicinity 
of  the  Bunker  Hill  and  Ferris  Hill  faults  as  early  as  1813.  The  more 
recent  displacements  along  the  Bunker  Hill-San  Jacinto  fault  are  those 
of  December  25th,  1899.  and  June  20th,  1915.  We  find  at  the  present 
time  the  red  soil  and  boulder  cones  lifted  above  and  tilted  toward  the 
present  valley  floor.  This  indicates  the  subsequent  movements  along 
the  structure  lines,  resulting  in  the  present  height  of  the  San  Ber- 
nardino Mountains,  also  probably  a  subsequent  greater  subsidence  of 
the  basin  trough  and  a  rise  of  the  Bunker  Hill  fault  scarp. 

Erosion  and  resulting  deposition  were  carried  on  at  a  rapid  rate,  and 
filled  the  valley  to  its  present  level  with  the  later  or  present  alluvium, 
the  total  depth  of  which  is  unknown.  Wells  have  been  sunk  to  below 
sea  level  and  have  not  encountered  the  granite  bed-rock  or  even  the 
younger  shales  of  the  earliest  sedimentary  period.  The  bulk  of  this 
alluvial  fill  is  material  laid  down  by  streams.  The  streams  were  ex- 
ceedingly irregular  and  intermittent  in  their  flow,  depending,  as  they 
do  at  present,  on  the  sudden  and  capricious  visitations  of  heavy  storms. 
The  Santa  Ana  River  flowed  west  at  times  along  the  northern  limit  of 
its  cone,  and  at  such  times  it  eroded  the  mesas  along  the  base  of  the 
mountains,  which  were  composed  of  coarse  gravel  and  boulders,  as  is 
shown  in  the  remnants  still  exposed.  The  floods  picked  up  this  coarse 
material  and  carried  it  farther,  each  successive  flood  moving  it  forward 
until  it  reached  a  lower  portion  of  the  valley,  where,  with  the  decrease 
in  velocities,  it  was  dropped.  In  this  way  the  coarse  gravels  deposited 
in  the  Santa  Ana  cone  are  accounted  for. 

Stream-built  slopes  reflect  the  size  and  drainage  area  of  their  can- 
yons. The  short,  steep  canyons  of  the  streams  on  the  north  side  of  the 
valley  between  the  Santa  Ana  River  and  Cajon  Creek  have  short,  steep 
cones.  Their  brief  torrential  floods  sweep  the  coarse  debris  to  the 
mouths  of  the  canyons,  but  cannot  carry  it  far  beyond,  as  the  streams 
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Mr.  decrease  in  volume  rapidlj'  through  seepage.  The  longer  canyons,  with 
larger  drainage  areas,  have  more  gentle  gradients,  and  their  floods, 
being  of  longer  duration  and  greater  volume,  advance  farther  into  the 
valley.     Consequently,  their  fans  are  larger  and  more  gently  inclined. 

The  topography  is  such  as  to  have  always  confined  the  Santa  Ana 
River  withi"n  the  limits  of  the  basin,  that  stream  having  always  escaped 
from  it  in  or  about  the  same  position  as  it  does  now,  namely,  between 
the  Box  Springs  ]\Iountains  and  the  granite  hills  west  of  Colton.  There- 
fore, it  must  be  concluded  that  this  stream  has  been  the  main  factor  in 
the  upbuilding  of  the  basin.  The  next  largest  and  most  productive  tribu- 
tary drainage  area  is  that  of  Lytle  Creek.  This  creek,  however,  has  not 
been  as  great  a  factor  in  the  building  up  of  the  basin  fill,  because,  only 
recently,  by  fault  movement,  has  it  been  confined  to  the  basin,  its 
depositions  previously  having  built  up  a  considerable  fan  outside  of 
the  lattei'. 

The  course  of  each  stream  has  always  been,  directly  or  indirectly, 
from  the  mouth  of  its  canyon  to  the  outlet  from  the  valley,  yet,  between 
these  points,  the  course  has  varied  greatly  from  time  to  time;  and  this 
is  more  especially  true  of  the  larger  streams.  The  Santa  Ana  River 
has  doubtless  shifted  and  wandered  over  the  valley  from  the  southern 
to  the  northern  limit  of  the  Artesian  basin,  flowing  in  widely  different 
directions  at  different  times  and  at  different  levels.  Its  old  channels, 
in  the  nature  of  things,  much  broken  and  impaired,  now  lie  buried 
beneath  the  hundreds  of  feet  of  later  deposits.  All  those  old  channels 
headed  in  the  coarse  gravel  of  the  debris  cone  at  the  mouth  of  the 
canyon,  and  all  still  lead  the  water  ultimately,  and  by  devious  courses, 
to  the  comparatively  limited  outlet  from  the  valley,  as  water  sinking 
near  the  mouth  of  the  canyon  finds  its  way  largely  into  the  coarse 
gravels  at  the  head  of  these  old  gravel  channels,  and  the  course  that 
any  portion  of  such  water  takes  depends  on  the  line  of  least  resistance, 
which,  for  the  most  part,  must  be  what  remains  of  the  course  of  the 
particular  old  channel  that  it  happens  to  enter. 

The  position  of  the  axis  or  lowest  point  of  a  valley  depends  on  the 
relative  size  of  the  opposing  cones.  In  this  valley  the  present  axis  is 
Warm  Creek,  but  it  is  reasonable  to  believe  that,  before  the  present 
course  of  Lytle  Creek  was  established,  the  axis  was  farther  west.  The 
Lytle  Creek  cone  has  recently  overlapped  the  Santa  Ana  cone,  thus 
moving  the  axis  east. 

The  most  significant  and  conspicuous  topographical  feature  of  the 
basin  is  the  escarpment  in  the  valley  fill  of  unconsolidated  materials 
(marked  as  a  distinct  ridge  where  erosion  has  not  entirely  effaced  it) 
of  the  Bunker  Hill-San  Jacinto  fault.  Mr.  Sonderegger,  on  page  803, 
refers  to  the  underground  basin  being  closed  by  a  subterranean  barrier 
known  as  "Bunker  Hill  Dike",  said  to  occupy  a  portion  in  the  alluvium 
along  this  fault  line  and  consisting  of  impervious  clays  which  effectively 
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close  the  Basin  and  force  practically  all  the  underflow  to  the  surface.     Mr. 

,         ,     ,  .      .  1   ,  .  .  •      Forbes. 

From  the  writer's  detailed  study  of  this  feature  and  his  experience  m 

like  situations  where  fault  movements  have  caused  a  break  in  the  con- 
tinuity of  strata  in  alluvial  materials  (such  as  the  Niles-Irvington 
fault  across  the  Niles  cone,  in  Alameda  County,  California),  it  is,  to 
his  mind,  a  decided  misconception  of  the  formation  of  the  valley  and 
of  the  geological  agencies  which  led  to  it,  to  consider  the  Bunker  Hill 
fault  as  a  fold  of  impervious  material,  or  "dike". 

A  detailed  study  of  material  found  on  the  fault  scarp  or  Blinker 
Hill  Ridge  and  of  the  penetration  records  of  wells  near  the  ridge  con- 
vinced the  writer  that  the  materials  were  entirely  stream  deposited,  for 
the  most  part  sand  and  gravel.  West  of  Mt.  Vernon  Avenue  the 
gravels  found  were  typical  of  the  country  rock  characteristic  of  the 
Lytle  Creek  drainage  area.  Near  the  Santa  Ana  River  the  materials 
were  coarser,  and  carried  the  pink  gra%"el  characteristic  of  the  forma- 
tions of  the  Santa  Ana  River  drainage  area. 

The  Bunker  Hill  fault  has  simply  caused  a  vertical  shearing  and 
displacement  of  the  lenses  of  coarse  and  fine  material  through  which 
it  passes,  thus  interfering  with  their  continuity  and  the  passage  of 
water  through  them.  It  is  often  true,  when  fractures  occur  in  massive 
bed-rock,  that  the  overlying  stratified  deposits  may  be  bent  or  folded 
to  a  slight  degree,  provided  they  are  consolidated.  It  is  impossible  to 
bend  or  fold  unconsolidated  lenses  of  sand,  gravel  and  clay,  to  form  a 
"dike"  such  as  is  considered  by  Mr.  Sonderegger ;  deformation  in  such 
cases  causes  an  abrupt  break  and  a  shearing  of  the  various  lenses,  with 
the  result  that  sheared  lenses  of  coarse  gravels  subsequently  abut 
against  fine  material.  Where  the  lenses  of  fine  materials  predominate 
in  the  valley  fill,  a  deformation  and  shearing  eifectively  blocks  or 
retards  the  transmission  of  ground-water  at  the  line  of  deformation. 
Conversely,  where  coarse  gravel  and  sand  lenses  predominate,  fault 
movement,  taking  place  largely  in  open  materials,  interposes  no  appre- 
ciable quantity  of  material  resistant  to  water  movement,  and  percola- 
tion continues  through  the  line  of  deformation  at  nearly  the  same  rate 
as  it  maintains  above  or  below  that  line.  As  has  been  stated  previously, 
the  Santa  Ana  River  always  left  the  valley  approximately  in  the  same 
locality,  flowing  at  right  angles  to  the  fault  trend.  The  result  of  this 
condition  was  a  relatively  coarse  and  uniform  deposition  in  this  region 
where  the  fault  subsequently  crossed  the  Santa  Ana  River,  and  the 
displacement,  in  this  area,  is  less  effective  as  a  dam  than  elsewhere, 
because  of  the  more  open  and  consistent  character  of  the  deposited 
material.  The  ground-water  here  moved  uniformly  through  the  porous 
mass  from  bed-rock  to  the  surface  and  continued  to  do  so  after  faulting 
nearly  as  freely  as  before.  Where  the  fault  trend  parallels  the  course 
of  Lytle  Creek,  however,  the  ground-water  levels  show  that  it  acts  as  a 
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Mr.     very  effective  dam,  the  gravel  channels  apparently  being  blocked  by 
'^^  ^^'  materials  more  resistant  to  percolation. 

Many  drillers'  logs  of  wells  were  obtained  and  studied.  The  logs 
for  the  most  part  are  vague,  as  each  driller  has  his  own  idea  of  what 
should  be  called  fine  or  coarse  gravels  and  what  material  should  be 
classed  as  clay.  In  some  localities,  due  to  recently  made  borings,  the 
actual  drillings  were  available.  In  no  portion  of  the  valley,  however, 
was  there  found  a  continuous  impervious  clay  stratum,  as  assumed  by 
the  author.  The  clay  masses  occur,  not  as  continuous  blankets,  but 
as  rather  limited  lenticular  bodies,  the  records  being  in  full  accord  with 
the  recognized  geologic  theory  of  stream-deposited  clays.  In  this  case, 
the  well  logs  were  too  scattered  to  correlate,  except  in  a  very  general 
way.  The  sands,  clays,  and  gravels,  furthermore,  are  so  commingled 
that  to  attempt  to  identify  and  correlate  certain  strata  would  be  highly 
speculative.  However,  in  the  penetration  records  of  numerous  wells 
near  the  Bunker  Hill  fault  scarp,  there  was  recorded  the  presence  of 
retent  swamp  materials  at  relatively  shallow  and  similar  depths,  which 
might  be  correlated  to  indicate  limited  clay  blankets  in  this  vicinity. 

It  seems  to  the  writer  that  Mr.  Sonderegger's  conception  of  the 
Artesian  conditions  as  "phenomenal"  is  due  to  his  starting  with  false 
premises,  namely  that  the  basin  is  closed  by  a  continuous  impervious 
subterranean  barrier  and  the  presence  of  continuous  clay  blankets,  the 
border  of  which  is  termed  by  him  the  ''Artesian  rim".  The  "hydraulic 
phenomena"  are  the  natural  results  of  existing  climatic  and  geologic 
conditions,  climatic  in  that  the  water  supply  is  entirely  dependent  on 
the  seasonal  rainfall  on  the  contributing  water-shed,  and  geologic  in 
that  the  water  is  impounded  underground. 

Neither  an  impervious  clay  blanket  nor  an  impervious  barrier  en- 
tirely closing  the  basin  is  a  necessary  condition  for  a  flowing  well  in 
the  San  Bernardino  Basin.  The  necessary  conditions  for  Artesian  flow 
are  an  adequate  source  of  pressure  through  the  body  of  ground-water 
extending  to  a  level  higher  than  the  mouth  of  the  well,  and  a  retaining 
agent  offering  more  resistance  to  the  upward  passage  of  water  than  the 
well  which  pierces  the  resistant  material.  (It  is  a  well-known  fact 
that  there  are  Artesian  wells  on  the  sand  dunes  of  Long  Island,  New 
York.)  In  the  San  Bernardino  Basin  the  height  of  the  ground-water 
in  the  apex  of  the  Santa  Ana  cone,  which  stands  at  a  considerable  ele- 
vation above  the  mouths  of  the  wells  in  the  lower  portion  of  the  basin, 
exerts  a  pressure  which  acts  with  equal  intensity  throughout  the  cone. 
The  frictional  resistance  of  the  porous  fill  retards  the  movements  of 
the  ground-water,  causing  a  loss  of  head  and  establishing  hydraulic 
grade.  If  it  were  not  for  the  release  of  pressure  due  to  the  transmis- 
sion of  ground-water  from  the  basin  through  a  section  of  the  fault  line 
in  the  vicinity  of  the  present  Santa  Ana  channel,  a  uniform  hydraulic 
grade  would  be  maintained  under  the  whole  Santa  Ana  cone.     Con- 
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trary  to  this,  and  to  Mr.  Sonderegg-er's  theory  of  an  entirely  doited  Mr. 
basin,  an  hydraulic  grade  is  established  and  shown  by  the  relatively 
high  water  pressures  in  the  deep  wells  in  that  portion  of  the  basin 
locally  called  the  Antil  region  (in  the  central  part  of  the  valley  east 
and  south  of  Warm  Creek) ;  a  steeper  grade,  with  its  lower  water  pres- 
sures, is  exhibited  by  wells  of  similar  depth  near  the  Santa  Ana  River 
channel. 

Diiferent  water  pressures  exhibited  by  wells  on  the  Santa  Ana  cone 
with  a  common  source  of  supply  are  due,  in  some  degree,  to  the  depth  of 
the  column  of  resisting  materials  removed  in  drilling  the  well.  The 
wells  in  the  Antil  region  are  from  600  to  1  000  ft.  deep — the  point  of 
entrance  of  the  water  into  the  well  casing  being  at  the  bottom,  at 
an  elevation  ranging  from  sea  level  to  400  ft.  above.  The  elevation  of 
the  water-table  2  miles  east  of  Orange  Street  on  the  Santa  Ana  cone 
was  about  1  400  ft.  in  April,  1915.  The  head  or  difference  in  elevation 
between  a  high  point  of  the  water-table  and  the  bottom  of  the  wells 
might  be  more  than  1  000  ft.  The  pressvire  exerted  by  the  ground-water 
at  any  point  in  the  valley  fill  is  that  due  to  elevation  or  pressure  head, 
with  the  water  exerting  an  upward  pressure  and  endeavoring  to  seek 
its  level,  as  well  as  a  horizontal  pressure  or  velocity  head.  Both  the 
velocity  head  and  pressure  head  are  overcome,  in  great  degree,  by  the 
frictional  resistance  of  the  material  through  which  -the  water  is  trans- 
mitted. A  column  of  resisting  material  is  removed  in  drilling  a  well, 
and  the  degree  to  which  the  pressure  head  becomes  effective  depends  on 
the  depth  of  this  resisting  column.  Just  why  Mr.  Sonderegger  has 
eliminated  the  body  of  ground-water  higher  than  the  1  150-ft.  contour 
(page  811)  as  a  source  of  pressure  is  not  explained.  If  the  frictional 
resistance  of  the  porous  media  were  a  known  factor,  the  exact  source 
of  pressure  might  be  determined;  but  the  writer  believes  that  the 
pressure  head  of  the  higher  body  of  ground-water  east  of  the  1 150-ft. 
contour  is  essential  to  overcome  the  resistance  and  cause  the  water  in 
the  wells  to  rise  above  the  ground  surface  and  exhibit  pressures  of  from 
20  to  30  lb.  per  sq.  in. 

There  were  other  wells  in  the  same  locality  as  the  deep,  high-pressure 
wells;  those  from  250  to  300  ft.  in  depth  were  designated  as  low-pres- 
sure wells,  having  Artesian  flow  but  exhibiting  pressures  of  only  from 
6  to  12  lb.  per  sq.  in. ;  among  the  shallow  wells,  the  water  level  was 
below  the  ground  surface,  and  they  are  termed  surface  wells.  This 
variance  in  water  pressure  and  water  level  in  the  wells  is  attributed  to 
the  difference  in  elevation  between  the  height  of  the  source  of  supply 
and  the  bottom  of  the  well  casings,  at  which  point  the  water,  released 
by  the  removal  of  the  resistant  material,  is  received.  It  might  be  well 
to  explain  that  in  the  San  Bei'nardino  Basin  the  general  practice  in 
drilling  Artesian  wells  is  to  sink  a  casing  to  a  gravel  stratvim  and  leave 
the  bottom  open,  not  perforating  the  casing  at  any  intervening  level. 
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Mr.  Tlie  author  states  (pa^e  S15)  that  the  "friction  head"  between  the 

Artesian  rim  and  Kehl  flume  well  was  approximately  2  ft.  per  thou- 
sand, and  was  caused  by  the  natural  leakage.  The  writer  cannot  agree 
with  Mr.  Sonderegger  that  the  loss  of  head  due  to  frictional  resistance 
of  the  porous  fill  is  only  2  ft.  per  thousand,  as  he  has  made  experiments 
in  a  limited  way,  in  coarse  sand  and  gravel,  and  has  found  a  minimum 
loss  of  head  at  the  rate  of  1  ft.  in  fifty.  The  "Artesian  rim"  is  that 
topographical  contour  at  which  the  difference  between  the  elevation  of 
the  impounded  ground-water  in  the  upper  cone  and  the  mouth  of  the 
well  has  sufficient  head  to  overcome  the  frictional  resistance  of  the 
material  and  cause  water,  released  through  a  well,  to  rise  to  the  surface. 
Naturally,  this  "rim"  will  fluctuate  with  the  height  of  the  water  in  the 
upper  cone,  and  swamps  will  appear  at  higher  levels  in  wet  years  than 
in  dry  ones.  The  writer  believes  that  Mr.  Sonderegger's  conception  of 
the  necessity  of  a  confining  clay  blanket  and  (page  810)  that  the  high- 
water  plane,  C-C ,  causes  an  overflow  at  the  edge  of  the  clay  strata  (or 
Artesian  rim),  manifested  by  the  appearance  of  swamps,  is  in  error. 

The  original  source  of  all  the  ground-water,  whether  near  the  sur- 
face or  in  deep  Artesian  wells,  is  the  rainfall,  and  the  author  has  pre- 
sented very  clearly  the  relation  between  water-level  records  and  the 
cumulative  rainfall  record.  The  water-table  is  the  surface  below  which 
the  pores  and  crevices  of  earth  are  saturated.  The  elevation  of  this 
water-table  varies  with  the  vagaries  of  the  rainfall,  which  governs  the 
quantity  of  water  available  for  absorption.  The  underground  reservoir 
is  so  large  that  a  single  dry  year  would  Iiot  show  a  marked  decline  in 
the  water-table.  Where  there  is  an  accumulation  of  years  when  the 
rainfall  is  below  the  average,  a  marked  decline  is  seen. 

Interpretation  of  the  Water-Tahle  Contours. — The  writer  has  plotted 
the  water-plane  contours  from  actual  measurements  of  surface  wells  in 
the  valley,  the  latter  indicating  the  highest  point  of  the  zone  of  satura- 
tion, and  showing  the  direction  of  the  flow,  extent,  and  source  of  the 
ground-water.  Considering  the  formation  of  the  valley,  the  comparative 
size  of  the  cones,  and  the  plotted  water  contours,  it  was  readily  seen 
that  the  principal  source  of  ground-water  of  the  basin  and  of  hydro- 
static pressure  for  the  deeper  seated  waters,  is  the  impounded  water 
in  the  Santa  Ana  cone,  contributed  by  natural  seepage  from  the  Santa 
Ana  River  and  controlled  seepage  from  conservation  processes.  Wells 
on  the  same  cone  derive  their  supply  from  a  common  source — the  satu- 
rated sands  and  gravels  lying  at  the  mouths  of  the  canyons,  and  what- 
ever reduces  the  quantity  of  water  in  that  body  affects,  in  a  general  way, 
the  entire  cone. 

There  is  to  be  expected  a  decided  annual  variation  in  head  in  all 
the  wells  in  the  valley,  due  to  the  replenishment  of  the  apexes  of  the 
cones  during  the  winter,  and  a  drop  due  to  withdrawal,  natural  and 
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artificial,  during-  the  summer.    The  cycles  of  dry  and  wet  years  have  an     Mr. 
accumulative  effect  over  longer  periods. 

The  topography  of  the  water-table  underlying  the  debris- filled  valley 
conforms  in  general  to  that  of  the  land  surface,  but  the  slopes  are  more 
gentle.  The  greatest  slope  of  the  water-table  is  toward  the  mouths  of 
the  canyons,  whence  comes  the  principal  supply.  However,  the  surface 
rises  more  rapidly,  and,  although  the  water-table  in  the  central  part  of 
the  valley  is  near  the  surface,  it  becomes  gradually  deeper  in  the  direc- 
tion of  the  canyons.  The  greatest  drop  in  the  water-table  during  the 
summer  is  at  the  mouths  of  the  canyons.  As  the  water  maintains  its 
hydraulic  grade  and  is  in  constant  motion,  any  <Jepletion  in  the  central 
part  of  the  valley  is  supplied  from  the  high  cones,  giving  consideration 
to  the  retardation  due  to  the  frictional  resistance  of  the  porous  media. 
Therefore,  it  is  best  for  the  economic  use  of  the  basin  to  draw  down 
the  water-table  in  order  to  allow  the  greatest  replenishment,  whether 
natural  or  effected  by  conservation  processes. 

The  water-table  has  a  definite  gradient,  and  the  ground-water  is  in 
a  state  of  continual  motion,  as  the  water-contour  lines  indicate  that 
there  is  some  escape  for  the  water  at  lower  levels  than  that  where  it 
enters.  Because  of  the  pressure  gradient  exhibited  by  the  Artesian 
water,  it  is  known  that  the  water  in  the  deeper  gravels  also  has  motion. 
This  would  not  be  consistent  with  a  barrier  condition  closing  the  basin, 
such  as  has  been  described  by  Mr.  Sonderegger,  the  contour  lines  show- 
ing the  water-table  to  be  continuous  from  the  basin  and  across  the 
fault  line  at  the  point  where  the  Santa  Ana  River  crosses  it  to  River- 
side and  the  valley.  West  of  Bunker  Hill,  on  the  Lytle  Creek  cone, 
there  is  an  abrupt  drop  in  the  ground-water  level  from  the  basin  toward 
the  southwest.  If  a  fold  of  impervious  material  existed,  as  suggested 
by  Mr.  Sonderegger,  the  basin  would  be  like  an  artificial  reservoir,  and 
the  ground-water  might  be  lowered  below  the  lip  of  the  barrier  by  draft, 
due  to  pumping  from  the  wells  and  depleting  the  stored  water  supply. 
There  is  no  such  condition  in  the  San  Bernardino  Valley  Basin.  The 
lowering  of  the  water-plane  during  the  period  from  1894  to  1904  was 
not  an  indication  that  the  basin  had  been  over- developed  and  per- 
manently depleted,  but,  as  clearly  presented  by  Mr.  Sonderegger  through 
the  use  of  residual  mass  diagrams  of  rainfall,  due  to  the  diminishing 
surface  water  supply  during  a  cycle  of  dry  years.  The  outflow  from  the 
basin  continued  at  about  the  same  rate  as  during  prior  years,  but  the 
supply  was  reduced;  consequently  there  was  a  lowering  of  the  water- 
table  level. 

The  writer's  contours  represented  the  water-table  position  of  April 
5th,  1915,  being  that  of  the  highest  point  in  the  replenishing  period. 
The  broad  and  steeply  inclined  underflow  from  the  east  is  due  to  the 
percolation   from   Mill   Creek,    Santa  Ana   River,   and   Plunge   Creek, 
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Mr.  greatly  increased  through  the  process  of  conserA^ation  carried  on  in  the 
Santa  Ana  wash.  This  broad  underflow  conforms  in  shape  to  the 
debris  cone.  The  City  Creek  underflow  meets  that  from  the  east  and 
adds  its  bulk  to  the  main  body.  In  fact,  each  of  these  streams  has  an 
independent  cone,  which  broadens  and  flattens,  coalescing  at  its  periph- 
ery with  that  of  the  Santa  Ana  River,  until  the  whole  makes  one 
body  of  water  underlying  the  Santa  Ana  cone,  with  a  constricted  point 
of  free  escape  between  the  Bunker  Hill  and  Keche  Canyons.  The  con- 
tinuity of  the  water-table  north  and  south  of  this  line  shows  a  contin- 
uous outflow  from  the  surface  to  bed-rock.  If  there  was  an  impervious 
dam  entirely  across  thg  mouth  of  the  basin,  the  decided  drop  in  the 
water-table  would  be  continuous.  In  fact,  the  draft  in  the  water-table 
below  Colton  would  be  such  as  to  bring  about  such  a  phenomenon.  The 
water  underneath  is  necessary  to  support  the  upper  water  in  the  zone 
of  saturation. 

There  are  streams  of  rising  water  in  the  San  Bernardino  Basin, 
namely  Warm  Creek,  Towne  Creek,  and  the  lower  ends  of  the  channels 
of  City  Creek  and  the  Santa  Ana  River.  The  ground-water  emerges 
to  the  surface  wherever  the  water  level  within  the  alluvial  cone  becomes 
higher  than  that  of  the  lowest  depression  or  level  of  the  surface.  In 
some  confined  low  points  the  soil  is  soft  and  boggy,  and  swamps  are 
formed.  In  the  case  of  a  continuous  depression,  as  in  the  stream 
channels  of  the  basin,  the  seepage  water  forms  a  "making"  stream 
entering  the  channel  above  and  below  the  water  level  along  the  sides 
and  bottom  of  the  channel.  The  writer's  water-table  contour  lines  show 
points  at  which  the  water-table  was  higher  than  the  ground  surface  in 
April,  1915. 

The  water  of  Warm  Creek  is  appropriated  by  the  Riverside  Water 
Company,  which  also  owns  numerous  wells  near  the  Warm  Creek  chan- 
nel. When  the  water-table  lowers,  during  cycles  of  dry  years  and  in 
the  latter  part  of  each  season,  the  flow  in  Warm  Creek  correspondingly 
decreases.  The  Riverside  Water  Company  then  allows  its  deep  wells 
to  flow  into  Warm  Creek,  increasing  the  flow  to  the  necessary  volume. 
The  deep  wells  in  the  Antil  region,  owned  by  the  City  of  San  Ber- 
nardino, are  used  for  municipal  water  supply.  A  number  of  the  deep 
wells  have  a  flow  ranging  from  100  to  125  in.  of  water. 

The  writer  submits  the  following  conclusions  which  he  formulated 
after  several  months'  study  of  conditions  in  the  basin : 

1. — That  an  impervious  barrier  across  the  entire  valley  above  Colton 
is  not  necessary  to  Artesian  flow,  and  does  not  exist. 

2. — That  there  is  no  continuous  impervious  clay  blanket  overlying 
the  valley.  The  pressure  encountered  in  deep  wells  is  due  to  the  hydro- 
static head,  accounted  for  by  the  columns  of  water  high  in  the  debris 
cones  standing  at  an  elevation  higher  than  the  mouths  of  the  wells. 
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3. — That  the  pressure  in  the  different  wells  on  the  same  debris  cone     Mr. 
varies  according  to  the  depth  of  resistant  material  removed  and  the 
difference  in  effective  pressure  head. 

4. — That  there  is  a  constant  flow  of  ground-water  out  of  this  basin, 
but  the  retarding  effect  of  a  constricted  point  of  free  escape  makes  pos- 
sible a  storage  reservoir. 

5. — That  the  original  source  of  all  the  ground-water  is  the  rainfall; 
and  the  height  of  the  water-table  depends  on  there  being  an  adequate 
supply  of  rainfall. 

6. — That  the  greatest  drop  in  the  water-table  occurs  annually  in  the 
apexes  of  the  debris  cones,  where  the  water  is  not  of  economic  impor- 
tance to  the  overlying  lands,  and  that,  for  the  economic  use  of  the  basin 
as  a  storage  reservoir,  this  depletion  should  be  accomplished  in  order 
to  allow  the  greatest  replenishment,  natural  and  through  conservation 
processes,  in  the  flood  period. 

7. — That  Warm  Creek  and  other  "making"  streams  are  seepage- 
water  streams ;  and  that  the  water  impounded  in  the  valley  fill,  raising 
the  elevation  of  the  water-table  to  heights  above  the  surface  channels 
of  these  streams  traversing  the  valley,  increases  through  seepage  the 
summer  flow  of  these  streams,  and,  therefore,  is  not  waste,  but  of 
economic  importance. 

8. — That  the  lenses  of  gravel  deposited  by  the  Santa  Ana  River  are 
in  contact  with  the  mass  of  coarse  material  at  the  mouth  of  the  Santa 
Ana  Canyon,  and  extend  to  the  northern  limits  marked  by  Warm 
Creek  and  to  the  west  beyond  Warm  Creek  and  out  of  the  valley  between 
the  granite  mountains.  These  lenses,  acting  as  a  porous  medium  for 
the  flow  of  water,  receive  their  supply  through  natural  seepage  from 
the  waters  of  Mill  Creek,  Santa  Ana  River,  Plunge  and  City  Creeks, 
and  distribute  it  underground  to  the  limits  of  the  cone. 

O.^That,  through  the  spreading  of  flood  waters,  the  natural  seepage 
may  be  increased  on  the  Santa  Ana  cone  so  that  there  is  little  danger  of 
an  over-development  of  the  basin. 

10. — That  the  San  Bernardino  Valley  presents  the  largest  under- 
ground storage  basin  in  Southern  California,  and  the  most  important, 
in  view  of  its  natural  adaptability  as  a  reservoir  and  its  economic 
development. 

11.— That  future  development  should  take  place  north  of  the  Santa 
Ana  River  channel  and  east  of  Warm  Creek,  in  order  to  obtain  the 
maximum  supply  of  water. 

A.  L.  SoNDEREGGER,*  M.  Am.  Soc.  C.  E.  (by  letter). — The  state- 
ment that  the  evaporation  from  swamps  in  Southern  California  is 
approximately  96  in.  is  a  deduction  from  experiments  made  in 
Owens  Valley  by  Charles  H.  Lee,t  Assoc.  M.  Am.  Soc.  C.  E.,  relative 

*  Los  Angeles,  Cal. 

t  Water-Svpply  Paper  No.  29Jf,  pp.  60  to  63. 
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Mr.  to   losses   by   absorption   by   plant   life.      He   states   that   the   loss   by 

transpiration  in  freshly-cut  alfalfa  was  0.498  in.  in  depth  per  24 
hours,  as  compared  with  0.3  in.  of  evaporation  from  a  pan  in  Owens 
River,  and  of  0.38  in.  from  a  shallow  pan  in  the  soil.  Furthermore, 
he  says: 

"The  results  obtained  by  German  investigators  indicate  the  loss 
from  sod  during  the  growing  season  to  be  92%  greater  than  from 
water  surfaces,  and  that  from  cereals  to  be  73%  greater.  Furthermore, 
the  humidity  of  the  air  after  passing  over  an  alfalfa  field  is  vei-y 
noticeably  greater  than  after  crossing  a  body  of  water." 

From  these  observations  the  writer  has  deduced  that  the  loss 
by  evaporation  from  swampy  areas  with  standing  water  and  prolific 
vegetation  would  probably  be  I3  times  as  great  as  that  from  still 
water;  however,  actual  experiments  might  lead  to  slightly  different 
results. 

In  regard  to  the  determination  of  the  benefit  derived  from  the 
spreading  of  flood  water  on  the  debris  cone,  more  accurate  results 
would  be  obtained  by  systematic  measurements  of  the  fluctuation 
in  the  water-plane  in  the  upper  parts  of  the  debris  cone,  which  are 
now  lacking,  and  of  pressure  and  discharge  measurements  of  wells 
within  the  Artesian  basin,  which  are  only  fragmentary.  Much  credit 
is  to  be  given  to  the  officials  of  the  Riverside  Water  Company  and 
of  the  Gage  Canal  Company,  who,  long  ago,  recognized  the  value  of 
systematic  well  records. 

The  point  made  by  Mr.  Lee  in  regard  to  the  net  annual  volume 
absorbed  is,  in  part,  well  taken.  There  is  an  unknown  portion  of 
the  quantity  of  artificial  absorption  caused  by  waste  and  seepage 
from  the  diversion  ditches  which  tap  the  Santa  Ana  River  at  the 
mouth  of  the  canyon- — that  is,  at  the  uppermost  portion  of  the 
debris  cone,  leading  from  there  for  a  considerable  distance  along  the 
margin  of  the  cone.  These  ditches  are  not  lined;  during  past  years, 
owing  to  excessive  stream  flow,  they  have  carried  and  wasted  ever 
increasing  quantities  of  water,  both  during  the  wet  and  the  dry  seasons, 
and  it  is  difficult  to  estimate  the  seepage  resulting  from  them. 

The  writer  has  recommended  the  co-operation  of  the  ditch  com- 
panies with  the  conservation  association,  by  which  these  ditches  may 
be  used  for  diversions,  for  spreading  purposes,  enabling  the  application 
of  spread-water  at  the  very  apex  of  the  cone. 

The  value  of  spreading  flood  waters  is  rapidly  becoming  more  gen- 
erally recognized,  not  only  for  purposes  of  conservation,  but  also  for 
flood  control.  With  the  dry  rivers  of  Southern  California,  particu- 
larly in  the  alluvial  zone,  where  the  soil  is  a  sandy  loam  mixed  with 
disintegrated   granite,    and    extremely    easily    eroded,    the    destructive 
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action  of  a  flood  occurs  generally  for  some  time  after  the  peak  has  Mr. 
passed.  It  is  admitted  that  spreading  is  not  practicable  during  the  Sondengger. 
very  peak  of  a  flood,  and  may  not  help  to  reduce  such  a  peak,  especially 
during  floods  of  unusual  intensity;  but,  after  the  peak  has  subsided, 
the  rivers  carry  a  moderate  discharge  often  for  weeks.  Grades  in  the 
alluvial  zone  are  generally  steep — from  15  to  50  ft.  per  mile  being  very 
common — resulting  in  high  velocities.  The  effect  is  that,  after  the 
peftk,  the  water- soaked  banks  readily  succumb  to  the  attack  by  a 
meandering  stream,  and  it  often  has  happened,  particularly  during 
moderate  floods,  that  the  greatest  damage  occurs  after  the  flood  has 
subsided.  To  prevent  such  damage,  spreading  is  as  effective  as  it  is 
economical,  fulfilling  a  twofold  purpose. 

Mr.  Forbes  has  given  an  interesting  description  of  the  geology  of 
the  San  Bernardino  Valley.  In  its  general  features,  this  description 
is  undoubtedly  correct,  and  agrees  well  with  the  theories  advanced  by 
other  geologists.  However,  many  of  the  minor  features  and  the  exact 
chronological  order  of  events,  especially  in  regard  to  these  minor 
features,  have  not  been  explained.  Yet,  many  of  the  phenomena  can- 
not be  understood  without  some  knowledge  of  the  details  of  the  geo- 
logical formation  and  history. 

The  investigations  which  were  made  in  San  Bernardino  Valley 
covered  a  period  of  about  2  years,  Mr.  Forbes  participating  in  the  work 
for  7  months ;  therefore,  a  great  deal  of  information  was  collected  and 
finally  available,  of  which  Mr.  Forbes  had  no  knowledge.  Perhaps  this 
is  the  reason  that  some  of  his  deductions  are  erroneous.  He  also 
exhibits  a  tendency  to  draw  conclusions  from  conditions  as  he  found 
them  elsewhere,  notably  in  the  Niles  Canyon,  in  Central  California. 
Finally,  he  has  attributed  to  the  author  some  statements  which  do  not 
appear  in  the  paper,  which  would  indicate  a  somewhat  superficial 
perusal  of  it. 

In  regard  to  the  Bunker  Hill  Dike:  Before  attempting  an  explana- 
tion, it  is  well  to  review  the  facts,  and  these  are  as  follows :  A  great 
number  of  wells  have  been  drilled  along  this  so-called  Bunker  Hill  Dike, 
not  only  in  the  lower  portions,  where  the  dike  forms  the  western  barrier 
of  the  Artesian  portion  of  the  San  Bernardino  Basin,  but  also  above 
the  Artesian  rim.  The  well  drillers  invariably  testified  that  they  struck 
a  more  or  less  impervious  formation,  being  largely  clay,  or  a  mixture 
of  clay  and  gravel,  and  rather  compact.  No  water  was  ever  struck  in 
the  dike,  regardless  of  the  depth  to  which  the  wells  were  drilled,  and 
regardless  of  the  locations  of  the  wells,  whether  in  the  lower  or  in  the 
upper  part  of  the  valley. 

At  the  lowest  point  of  the  dike,  where  it  is  crossed  by  the  Santa 
Ana  River,  the  river  has  cut  a  number  of  channels  or  gaps  into  it, 
their  total  width  being  less  than  i  mile.  Underlying  the  different 
river  channels  the  drillers  found  deposits  of  modern  gravel  and  sand 
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Mr.  to  a  depth  of  about  80  ft.,  where  they  struck  the  impervious  formation 
eregger.  ^£  ^^^^  dike.  There  are  several  islands  which  separate  these  gaps  or 
active  river  channels,  and  are  the  remnant  of  the  clay  dike  projecting 
above  the  surface  of  the  river.  Their  formation  is  identical  with  that 
which  is  found  underlying  the  sand  deposits  in  the  active  river  chan- 
nels. To  all  appearances  they  belong  to  an  older  alluvial  formation 
which  subsequently,  was  eroded,  leaving  the  "dike"  as  a  remnant.  Im- 
mediately above,  and  immediately  below,  the  dike  at  this  point  we  have 
the  modern  wash  or  alluvial  deposit,  of  great  depth.  Above  the  dike 
the  wells  are  Artesian ;  below  it  they  do  not  flow.  There  is,  as  a  rule, 
no  drop  in  the  surface  water-plane  across  the  dike,  because  the  basins 
above  and  below  the  dike  are  full. 

Going  northwest  from  these  gaps  the  dike  appears  as  a  surface 
feature,  projecting  above  the  mesa.  A  number  of  wells  were  drilled 
in  this  vicinity  without  encountering  v/ater-bearing  strata.  The  mod- 
ern Lytle  Creek  wash  is  just  east  of  the  dike,  and  is  filled  with  a  modern 
alluvium  consisting  of  gravel  and  clay  strata,  the  latter  being  quite 
prominent,  and  occurring  in  large  bodies.  There  is  some  Artesian  pres- 
sure in  the  lower  part  of  the  Lytle  Creek  cone,  however,  apparently  de- 
pleted in  force  by  an  over-draft  on  the  basin.  In  this  vicinity  the  water 
surface  above  the  dike,  or  northeast  of  it,  stands  about  70  ft.  higher  than 
below  the  dike,  or  southwest  of  it. 

Wherever  the  dike  material  is  exposed,  in  this  vicinity,  it  again 
shows  a  formation  different  from  that  of  Lytle  Creek  wash  on  the 
east  side,  and  from  some  of  the  alluvial  materials  on  the  west  side. 

As  we  continue  northwest,  along  the  axis  of  the  dike,  the  modern 
fill  of  the  Lytle  Creek  basin  changes  into  one  largely  consisting  of 
coarse  gravel  and  boulders,  in  which  clay  deposits  become  less  and  less 
prominent.  The  dike  disappears  from  the  surface,  but  is  still  found  as 
a  subsvirface  feature,  and  in  it  there  is  a  singular  absence  of  water- 
bearing strata.  The  drop  in  the  water  surface,  across  the  dike  from 
east  to  west,  becomes  more  and  more  prominent,  being  100  ft.  or  more; 
but,  in  this  region,  a  new  phenomenon  appears  in  the  form  of  at  least 
three  transverse  dikes  projecting  from  the  main  one,  approximately  at 
right  angles  thereto,  and  running  in  a  northeasterly  direction.  These 
transverse  dikes  appear  to  be  only  spurs  of  J  or  1  mile  in  length.  They ' 
form  three  pockets,  with  as  many  drops  in  the  underground  plane,  when 
measured  parallel  to  the  axis  of  Lytle  Creek,  or  across  these  transverse 
dikes.  Each  pocket,  luider  normal  conditions,  produces  flowing  waters, 
or  cienagas,  locally  known  as  the  Lord,  Ferguson,  and  Kainer  cienagas. 
The  material  from  which  these  transverse  dikes,  are  formed  appears 
to  be  the  same  as  that  of  the  main  dike.  It  is  compact  and  impervious, 
and  apparently  is  the  remnant  of  an  older  alluvium  which  subsequently 
was  partly  eroded,  the  eroded  areas  being  filled  later  by  the  modern 
wash. 
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Mr.  Walter  C.  Mendenhall,  as  geologist  for  the  U.   S.  Geological  Mr. 

Sondcrcffcrcr 

Survey,  investigated  the  San  Bernardino  Basin  in  1903-04.*  He  de- 
scribes the  origin  of  the  San  Bernardino  Basin,  as  follovps : 

"A  great  fault  runs  northwest  and  southeast  through  Cajon  and 
San  Gorgonio  passes  and  along  the  base  of  the  San  Bernardino  Moun- 
tains. In  the  movement  along  this  fracture  a  portion  of  the  earth's 
crust  north  of  the  present  valley,  was  uplifted  and  now  forms  the 
San  Bernardino  Mountains,  while  the  valley  itself  represents  a  great 
depressed  area  south  of  the  fracture. 

"Another  crustal  movement,  whose  beginning  at  least  may  well 
have  been  contemporaneous  with  the  first,  both  being  very  late  geo- 
logically, resulting  in  the  uplifting  of  a  ridge — the  formation  of  an 
irregular  arched  wrinkle— extending  from  the  San  Jacinto  Mountains 
northwestward  along  the  line  of  the  Badlands,  which  separate  San 
Timoteo  Canyon  from  San  Jacinto  Valley.  The  rocks  which  were 
folded  into  this  arch  are  soft  shales  and  sandstones  and  gravelly  allu- 
vium, like  that  deposited  by  the  rivers  now  in  San  Bernardino  Valley. 
This  fold  can  be  traced  on  the  surface  as  the  Bunker  Hill  dike  to  a 
point  nearly  two  miles  somewhat  south  of  west  of  San  Bernardino. 
It  probably  extends  even  farther  in  the  direction  of  Lytle  Creek  Canyon 
as  an  underground  feature,  buried  beneath  the  modern  wash,  but  there 
is  no  surface  indication  of  its  presence  there. 

"This  clay  and  gravel  ridge  has  been  the  most  effectual  of  sub- 
surface dams,  against  which  the  modern  stream  wash  has  accumulated, 
and  behind  which  the  waters  percolating  seaward  through  this  wash 
have  been  stored,  the  excess  rising  in  springs  and  flowing  over  the 
dam,  to  sink  again  in  the  sands  and  gravels  below." 

V  Mr.  Mendenhall,  therefore,  defines  the  Bunker  Hill  Dike  as  a  fold, 
consisting  of  alluvial  deposits,  of  earlier  date  than  the  modern  wash. 

Of  late  years  an  additional  and  very  extensive  investigation  has 
been  made  by  Professor  Robert  T.  Hill,  of  the  U.  S.  Geological  Survey, 
particularly  with  reference  to  the  fault  lines  of  Southern  California. 
This  work  has  not  been  published  as  yet.  However,  Professor  Hill 
testified  in  regard  to  the  Bunker  Hill  Dike  before  the  Courts,  the  follow- 
ing being  a  copy  of  part  of  the  reporter's  transcript;  pages  6967  et  seq. 

f .  "A. — I  think  that  the  mouth  of  Lytle  Creek,  as  the  canyon  ends  at 
tlie  mountain  bed,  shows  at  least  three  different  stages  of  deposition : 
First,  the  old  alluvium,  which  we  have  already  discussed,  occupying 
the  high  bench  to  the  west  side  of  the  mouth  of  the  river;  a  canyon 
was  subsequently  cut  into  that  alluvium  during  a  later  epoch,  follow- 
ing uplifts,  and  radiating  out  from  that  canyon  was  a  second  formation, 
which  we  have  known  as  the  Rialto  fan;  it  is  a  talus  fan,  fan-shaped 
in  distribution,  and  with  an  apex  up  toward  the  mouth  of  the  canyon. 

"Q. — Is  that  the  fan  that  exists  on  the  surface  of  the  earth  to-day? 

"A. — It  is;  and  Lytle  Creek  has  radiated  as  far  in  various  directions 
as  I  am  indicating  with  my  pencil.    It  has  flowed  back  and  forth  across 


*  Water-supply  Paper  No.  1J,2,   "Hydrography  of  San   Bernardino  Valley,  Call 
fornia",  p.  30. 
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Mr.  this  fan  in  the  way  I  have  demonstrated  with  my  pencil.  Tlie  third 
Sonderegger.  g^g^gg  jj^  ^\-^q  history  of  the  drainage  at  the  mouth  of  Lytle  Creek,  below 
its  moutli.  is  the  abandonment  of  that  old  fan,  and  the  adoption  of  its 
recent  and  present  course  to  the  east  of  the  line  which  we  speak  of  as 
the  'Bimker  Hill  Ridge.'  And  this  has  below  it  considerable  modern 
alluvium,  making  the  trend  of  the  three  alluvial  formations  which  I 
have  imderstood  you  to  ask  about. 

"QT-^ — You  differentiate  the  alluvial  deposit  to  the  north  and  east  of 
what  is  known  as  the  Bunker  Hill  Dike  from  the  alluvial  deposit  to 
the  south  and  west  ? 

"A.— I  do. 

"Q. — That  deposit  to  the  north  and  east  of  the  Bunker  Hill  Dike 
being  the  more  recent  ? 

''A.— It  is. 

"Q.— And  that  to  the  southwest  being  the  more  ancient? 

"A.— It  is. 

"Q.— What  is  the  Bunker  Hill  Dike? 

"A. — Excuse  me  for  laughing;  that  is  one  of  the  most  difficult  ques- 
tions which  has  been  asked  to  answer.  The  Bunker  Hill  Dike  is  the 
name  used  for  a  feature  which  has  expression  in  the  surface  topography, 
and  which,  as  I  understand  from  the  testimony  of  Mr.  Finkle,  which 
I  have  read,  and  discussions  with  the  Hydrologist,  beneath  the  ground 
forms  a  barrier  in  the  San  Bernardino  Basin  to  the  southwest,  in  a 
way.  It  seems  to  be  a  feature  which  is  properly  acknowledged  and 
admitted,  but  which  it  is  very  difficult  to  define.  We  do  know  that, 
when  you  look  to  the  northwest  from  the  hill  seen  at  the  east  of  the 
mouth  of  Reche  Canyon,  that  yovi  can  see  the  topographic  expression 
of  this  feature  along  a  line  to  the  northwestward  in  a  general  direction 
toward  the  mouth  of  Lytle  Creek.  This  is  indicated  by  hills,  small 
hills,  on  either  side  of  the  Colton  Road,  and  also  by  a  change  in  the 
direction  of  float  to  the  west  side  of  the  escarpment  which  Lytle 
Creek  follows  from  its  mouth  southeasterly.  That  is  the  course  in 
which  the  Lytle  Creek  of  to-day  is  flowing.  This  feature  is  in  line 
with  two  very  conspicuous  structural  features  to  the  south,  one  of 
which  is  the  continuation  of  the  San  Andreas  fault  line  trend  to  the 
northwest.  The  other  is  the  fold  which  continued  that  line  to  the 
eastward  known  as  the  Bunker  Hill  Dike.  Both  of  these  features 
are  trending  to  the  southwestward.  Again,  we  have  coming  south- 
westerly in  that  general  direction  the  hypothetical  extension  of  the 
great  Lytle  fault  which  I  have  described  to-day.     *    *    * 

"A. — Now  this  feature  spoken  of  as  the  Bunker  Hill  Dike,  north 
of  the  street  which  I  know  as  the  Foothill  Boulevard,  is  practically 
an  eastward  facing  escarpment.  The  creek  follows  the  valley  at  the 
foot  of  this  east  facing  escarpment.  An  escarpment  which  faces  toward 
the  mountains  in  this  manner  is  geologically  known  as  the  inface, 
and  I  would  describe  the  Bunker  Hill  Ridge,  as  I  prefer  to  call  it, 
instead  of  a  dike,  north  of  the  Boulevard  before  mentioned,  as  the 
inface  escarpment  toward  the  San  Bernardino  Plateau  at  the  north- 
east. Now,  thei'e  isn't  visible  in  the  structure  of  the  material  of  this 
portion  of  the  dike  between  the  mouth  of  Lytle  Creek  and  the  Foot- 
hill Boulevard  any  evidence,  either  of  the  dike  as  geologists  know  it, 
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of  an  intrusion  of  a    different  material,  of  one  material  into  another  Mr. 

material,  along  the  fault  line,  an  intruded  wedge  or  block;  nor  is  Sonderegsrer. 
tliere  any  other  structural  evidence,  so  far  as  I  can  make  out,  though 
I  found  in  one  place  slight  deformations  which  would  give  evidence 
of  an  actual  fault  along  that  line  in  that  portion  of  its  course;  though 
I  believe  in  general  the  feature  lies  along  the  projection  of  the 
San  Jacinto  and  Lytle  faults  in  a  way,  so  far  as  they  can  be  har- 
monized.    *■    *     * 

"Q. — I  now  return  to  my  previous  question :  What  was  the  character 
of  the  material  you  fovmd  in  the  svirface  evidence  of  the  Bunker 
Hill  Dike? 

"A. — The  material  which  I  found  upon  the  dike  at  the  house  which 
I  mentioned  just  northerly  in  the  course  of  the  dike,  of  the  tablet 
of  the  old  Mission  site — I  don't  know  who  lives  in  that  house,  a  red- 
roofed  house — the  material  there  is  all  Lytle  Creek  drift  and  gravel 
and  wash,  typical  Lytle  Creek  material,  consisting  of  schists  largely 
and  also  carrying  a  specimen  of  rock  which  I  have  only  found  in 
my  examination  of  this  vicinity  as  coming  from  Lytle  Creek,  and 
I  would  like  to  have  that  stone  in  evidence. 

"Q. — Have  you  it  with  you  ? 

'"A. — I  have. 

"Q. — Let's  see  it. 

"The  Court.— That  will  be  marked  Exhibit  0-4. 

"Mr.  Irving. — You  have  now  produced  a  rock,  which  you  have 
described  as  what,  Mr.  Hill? 

"A. — It  is  a  very  peculiar  porphyritic  andesite." 

Later,  Professor  Hill  described  the  dike  again  as  belonging  to 
the  middle  formation  of  the  three  which  he  mentioned,  and  which 
he  describes  as  the  Rialto  fan;  that  it  was  deposited  after  the  San 
Jacinto  fault  line  was  formed;  that  the  fan  made  and  covered  over 
the  evidence  of  the  extension  of  the  fault  line;  that  the  chief  evidence 
of  that  fault  line  beneath  that  plain  to-day  is  the  hot  springs,  other- 
wise than  the  evidence  which  the  hydrologist  may  have  (and  which 
he  was  not  discussing). 

The  theory  advanced  by  Professor  Hill  affords  a  satisfactory  expla- 
nation of  all  the  phenomena,  and,  therefore,  we  may  define  the  Bunker 
Hill  Dike  as  the  remnant  of  an  old  alluvial  deposit,  more  compact 
than  the  modern  wash,  and  practically  impervious;  and,  incidentally, 
overlying  a  fault  line  which  can  be  traced  at  least  in  its  lower  reaches. 

There  are  many  buried  dikes  in  Southern  California ;  Mr.  Men- 
denhall,  in  other  papers,  has  referred  to  them  as  the  remnants  of  an 
older  topography. 

The  writer  has  gone  into  the  details  of  this  geological  discussion 
on  account  of  the  importance  of  these  underground  features  with  regard 
to  the  hydrology  of  Southern  California.  Artesian  basins  form  a 
conspicuous  feature  of  the  local  ground-water  supply,  and  they  are 
numerous  in  the  San  Fernando,  San  Gabriel,  Pomona,  and  Santa  Ana 
Yalleys.     Generally  the  Artesian  flow  is  the  result  of  the  occurrence 
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Mr.  of  buried  dikes;  but  there  are  also  numerous  instances  where  Artesian 
eregger.  ^^^  ^^^  rising  water  are  produced  merely  by  a  contraction  of  the 
valleys  in  the  shape  of  narrows,  where  the  rivers  have  cut  through 
mountain  or  hill  formations  which  have  been  thrown  up  across  their 
courses.  The  most  conspicuous  of  these  narrows  is  the  one  in  the 
San  Gabriel  River  at  Whittier,  which  is  more  than  2  miles  in  width, 
and  in  which  the  modern  wash  extends  to  a  depth  of  1  000  ft.  or 
more  without  encountering  bed-rock  or  any  older  alluvial  deposits. 
Above  these  narrows  there  is  an  Ai'tesian  basin  of  considerable  extent, 
and  Artesian  or  rising  streams  are  produced  which  furnish  30  sec-ft. 
or  more  during  the  dry  season. 

The  Courts  have  taken  cognizance  of  the  existence  of  under- 
ground dikes,  treating  them  in  the  same  manner  as  the  division  lines 
of  surface  drainage  areas,  and  enjoining  the  exportation  of  water 
from  one  side  of  such  dikes  to  the  other,  where  the  existence  of  an 
impervious  stratum  was  proved,  either  by  geological  evidence,  or  a 
drop  in  the  water-plane.  One  of  the  leading  cases  in  this  regard  is 
that  of  Burr  vs.  McClay  Rancho.  in  the  San  Fernando  Valley. 

As  far  as  the  phenomenon  of  Artesian  flow  in  the  San  Bernardino 
Basin  is  concerned,  it  is  of  no  consequence  whether  the  dike  is  a  solid 
barrier,  or  whether  the  interruption  of  percolation  is  due  to  a  vertical 
shearing  or  dislocation  of  alluvial  deposits.  The  writer  has  not  made 
the  statement  attributed  to  him  by  Mr.  Forbes,  that  a  solid  clay  barrier 
is  a  necessity  in  producing  Artesian  conditions.  He  has  stated  the 
occurrence  of  the  dike  as  a  fact,  and  the  existence  of  Artesian  flow 
in  connection  with  that  dike. 

Another  point  disputed  by  Mr.  Forbes  is  the  occurrence  of  large 
clay  blankets  in  the  San  Bernardino  Basin.  The  existence  of  extensive 
clay  bodies  or  sheets  has  been  known  for  many  years  to  the  engineers 
of  the  Gage  Canal  Company,  as  attested  by  the  exhibits  which  they 
produced  in  the  Courts,  and  these  were  based  on  the  results  obtained 
in  drilling  innumerable  wells.  Mr.  Mendenhall,  who  investigated 
this  phase  in  detail,  writes:* 

"Within  the  limits  of  the  present  and  the  original  (Artesian)  basin, 
the  characterizing  feature  is  the  presence  of  extensive  sheets  of  clay." 

The  writer  has  never  claimed  that  clay  blankets  are  a  necessity 
for  the  production  of  Artesian  flow;  but,  in  the  San  Bernardino  Basin 
they  do  exist,  and  give  rise  to  the  phenomena  which  are  peculiar  to 
this  basin. 

Mr.  Forbes,  in  the  course  of  his  discussion,  makes  the  following 
rather  startling  statement : 

*  Water-Supply  Paper  No.  lJi2,  p.  38.  '  He  gives  a  well  section  on  p.  40,  and  a 
cross-section  of  the  San  Bernardino  Valley  on  p.  32. 
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"If  it  were  not  for  the  release  of  pressure  due  to  the  transmission         Mr. 
of  ground-water  from  the  basin  through  a  section  of  the  fault  line  Sondereggcr. 
in  the  vicinity  of  the  present  Santa  Ana  channel,  a  uniform  hydraulic 
grade  would  be  maintained  under  the  whole  Santa  Ana  cone." 

The  phenomenon  of  a  uniform  hydraulic  grade  presupposes  the 
existence  of  uniform  percolation  from  one  end  of  the  basin  to  the 
other,  and  this  in  turn  would  necessitate,  first,  a  uniform  pressure 
head,  uniform  grade,  uniform  frictional  resistance  to  percolation,  and 
the  absence  of  any  leakage  to  the  surface.  Only  one  of  these  con- 
ditions is  fulfilled,  and  that  is  the  uniform  elevation  of  the  pressure 
head  (provided  we  limit  the  discussion  to  the  Santa  Ana  cone).  There 
are  certain  localities,  in  the  San  Bernardino  Basin  in  general,  and 
the  Santa  Ana  cone  in  particular,  where  the  underflow  is  apparently 
more  prolific  than  in  others,  producing  better  wells  and  stronger  rising 
streams.  The  writer  refers  to  the  ''Antil  Basin",  east  of  the  City 
of  San  Bernardino,  and  the  territory  or  basin  in  which  the  Gage 
Canal  Company's  wells  are  situated,  which  is  2  or  3  miles  southeast 
of  the  Antil  territory.  These  two  basins  of  exceptionally  prolific  flow 
are  separated  by  a  zone  where  wells  produce  less  Artesian  flow,  and 
where  the  Artesian  or  rising  streams  experience  less  rapid  increase. 
This  is  undoubtedly  the  result  of  the  existence  of  a  zone  of  denser 
deposits.  It  is  the  very  absence  of  uniformity  in  the  formation,  and 
the  occurrence  of  such  zones  of  more  prolific  flow,  which  have  given 
rise  to  endless  litigation,  because  everybody  wants  to  locate  his  wells 
in  these  zones. 

The  only  escape  from  the  basin  over  the  dike,  which  has  been 
definitely  established,  is,  as  Mr.  Forbes  indicates,  that  which  occurs 
in  the  vicinity  of  the  present  Santa  Ana  channel,  where,  overlying 
the  dike,  we  find  gravel  and  sand  strata  of  a  total  width  of  about  1  000 
ft.,  and  a  depth  of  about  80  ft.  Assuming  33%  voids,  and  velocities 
of  percolation  of  about  2  miles  per  annum,  the  seepage  over  the  dike 
would  be  less  than  10  sec-ft.,  a  quantity  which  is  small  in  comparison 
with  the  total  quantity  of  water  which  leaks  vertically  to  the  surface 
above  the  dike,  appears  in  the  rising  streams,  and  finds  its  way  out 
of  the  valley  as  a  surface  stream.  These  rising  waters  amount  to  more 
than  100  sec-ft.  of  constant  flow.  A  study  of  the  pressure  in  various 
wells  indicates  that,  in  the  vicinity  of  the  dike,  they  are  not  affected 
by  this  gap,  provided  they  reach  a  depth  of  several  hundred  feet. 

Mr.  Forbes  furthermore  states  that  he  cannot  agree  with  the 
writer  that  the  "friction  head"  between  the  Artesian  rim  and  Kehl 
flume  well  is  only  approximately  2  ft.  per  1  000,  and  is  caused  by  the 
natural  leakage.  He  states  that  he  has  made  experiments  in  a  limited 
way,  in  coarse  sand  and  gravel,  and  has  found  a  minimum  loss  of  head 
at  the  rate  of  1  ft.  in  50.     The  statement  by  the  writer  is  not  a  theo- 
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Mr.  retical  one,  or  based  on  experiments,  but  is  the  result  of  a  very  simple 
■  mathematical  operation  based  on  pressure  observations  on  a  line  of 
wells,  as  indicated  in  Fig.  6.  This  friction  loss  of  approximately  2  ft 
per.  1 000,  not  only  occurs  between  the  Artesian  rim  and  the  Kehl 
flume  well,  but  also  between  the  McCrary  and  Heap  wells.  This  is 
one  of  the  facts  which  the  writer  considered  as  of  general  interest. 
It  would  seem  useless  to  discuss  papers  and  establish  theories  if  the 
elementary  facts  are  disregarded.  Mr.  Forbes'  experiment  probably 
was  made  under  conditions  of  free  percolation  in  the  absence  of 
Artesian  pressure. 

However,  assuming  Mr.  Forbes'  contention  to  be  correct,  that  a 
friction  head  of  1  ft.  in  50  is  required  to  produce  percolation, 
where  would  such  an  assumption  lead?  The  distance  from  the  mouth 
of  the  canyon  of  the  Santa  Ana  to  the  point  where  the  river  crosses 
the  dike  is  about  11.5  miles,  or  60  250  ft.,  this  being  the  shortest  distance 
along  which  percolation  can  occur.  With  a  friction  loss  at  the  rate 
of  1  ft.  in  50,  the  total  head  required  to  produce  such  percolation 
would  be  1205  ft.  The  actual  dilference  in  elevation  of  the  surface 
of  the  ground  between  the  two  points  is  925  ft.,  the  mouth  of  the 
canyon  being  at  Elevation  1870,  and  the  Bunker  Hill  Dike  crossing 
at  Elevation  945.  In  order,  then,  to  produce  a  friction  head  of  1  205  ft., 
as  required  by  Mr.  Forbes'  theory,  it  would  be  necessary  to  place  the 
fountain  head  280  ft.  above  the  mouth  of  the  canyon,  or  at  Eleva- 
tion 2150. 

The  supposed  frictional  resistance  of  1  ft.  in  50,  alone,  therefore, 
would  require  more  than  all  the  head  available,  due  to  the  difference 
in  elevation  of  the  extreme  ends  of  the  basin. 

However,  there  is  still  another  factor  to  be  taken  care  of:  namely, 
the  head  required  to  produce  the  Artesian  pressure,  which  pressure, 
in  some  wells,  has  been  as  high  as  100  ft.,  which  would  bring  the 
supposed  fountain  head  to  an  elevation  of  not  less  than  2  250.  This 
elevation  is  found  about  3  miles  above  the  mouth  of  the  canyon,  in 
a  narrow  gorge;  also  on  the  slopes  of  the  peaks  near  the  mouth  of 
the  canyon. 

The  following  is  a  brief  bibliography  on  the  subject : 
nesidual  Mass  Curve  of  Rainfall: 

W.  E.  Spear.  "Study  of  the  Water  Supply  Sources  of  Long  Island." 
Report  of  Comm.  on  Additional  Water  ^Supply  of  Xew  York 
City,  Appendix  7,  1903,  pp.  753  and  817. 
Report  of  Conservation  Commission  of  California,  1912.  Charles 
H.  Lee.  ''Subterranean  Storage  of  Floodwater  by  Artificial 
Methods  in  San  Bernardino  Valley." 
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Evaporation :  Mr. 

SoDclcrtg'ffGr. 

Water-Suppli/  Paper  No.  394-  '"An  Intense  Study  of  the  Water 
Resources  of  a  Part  of  Owens  Valley".     Charles  H.  Lee. 

Agricultural  Bulletin  No.  177.  "Evaporation  Losses  in  Irrigation." 
S.  Fortier. 

The  Sail  Bernardino  Basin  : 

Water  Supply  Papers  Nos.  59  and  60.  J.  B.  Lippincott.  "Devel- 
opment and  Application  of  Water  near  San  Bernardino, 
Colton,  and  Riverside." 

Water  Supply  Paper  No.  9^2.  Walter  C.  Mendenhall.  "The 
Hydrography  of  San  Bernardino  Valley,  California." 

"Irrigation  in  Southern  California."  William  Hamilton  Hall, 
State  Engineer  of  California.     1888. 

U.  S.  Department  of  Agriculture,  Bulletin  No.  9.  Office  of  Experi- 
ment Stations.  E.  W.  Hilgard,  "Report  on  Irrigation  Inves- 
tigations for  1901." 
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Samuel  T.  Wagner,  Charles  Evan  Fowler,  Henry  H.  Quimby, 
Henry  B.  Seaman,  Gustav  Lindenthal,  Clement  E.  Chase,  and 
O.  H.  Ammann. 

Synopsis. 

The  principal  object  of  this  paper  is  to  present  an  account  of  the 
design  and  construction  of  the  Hell  Gate  Arch  Bridge  over  the 
East  River  in  New  York,  a  structure  of  imposing  magnitude,  with 
unusual  features  and  details  of  unprecedented  size  which  mark  a 
decided  advance  in  bridge  engineering. 

The  Hell  Gate  Bridge,  which  forms  part  of  the  New  York  Con- 
necting Kailroad,  is  the  greatest  arch  bridge  built  to  date,  having 
a  span  of  995  ft.  If  in.  between  centers  of  bearings  and  1  017  ft.  between 
faces  of  abutments,  and  a  total  height  of  305  ft.  above  mean  high  water. 
It  carries  four  railroad  tracks  on  a  heavy  ballasted  floor.  Its  principal 
features,  besides  its  great  span  and  capacity,  are  the  exceptional 
size  and  weight  of  its  individual  members  and  riveted  connections, 
the  use  of  special  high-carbon  steel,  the  unusual  method  of  erection, 
and  the  monumental  towers  forming  the  abutments,  one  of  which 
rests  on  a  deep  and  difficult  pneumatic  caisson  foundation. 

•  Presented  at  the  meeting  of  November  21st,  1917. 
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The  introductory  part  of  this  paper  is  devoted  to  the  object,  history, 
and  a  brief  general  description  of  the  New  York  Connecting  Railroad. 

The  Hell  Gate  Bridge  is  the  result  of  many  years  of  careful  and 
laborious  studies  involving  the  design  of  different  types  of  bridges. 
These  various  preliminary  designs  are  briefly  described  and  critically 
discussed,  and  the  conditions  which  led  to  the  final  adoption  of  the 
spandrel-braced  arch  type  are  set  forth. 

The  description  of  the  Hell  Gate  Bridge,  as  built,  is  confined  to 
the  more  important  features  and  details,  with  particular  reference  to 
the  reasons  and  considerations  which  governed  their  design,  and  with 
a  further  view  to  bring  out  their  merits  and  illustrate  the  progress 
made  in  bridge  design  in  recent  years.  Typical  details  are  shown  in 
the  accompanying  illustrations  and  therefore  need  no  particular 
description. 

With  due  consideration  of  the  fact  that  the  strength  and  durability 
of  a  bridge  are  gauged  by  the  strength  and  eflficiency  of  its  details, 
most  careful  attention  has  been  given  to  their  design,  and  a  number 
of  important  improvements  over  common  practice  can  be  recorded. 
Among  the  details  deserving  special  mention  are  the  compact  closed 
section  of  the  main  arch  rib,  the  extraordinary  rigid  bracing,  the 
efficient  latticing  of  compression  members,  the  full  splicing  of  com- 
pression joints,  and  the  provision  of  heavy  braking  girders  to  relieve 
the  floor-beams  from  stress  due  to  the  braking  and  traction  forces. 

It  has  been  the  aim  of  the  administration  of  the  Eailroad  Com- 
pany to  produce  a  first-class  railroad  in  every  respect.  This  principle 
has  been  observed  throughout  the  design  and  construction  of  all  its 
structures.  The  design  has  been  governed  by  rules  and  specifications 
especially  prepared  by  the  consulting  engineer.  These  differ  in  many 
respects  from  common  specifications,  and  contain  many  original 
features.  Extracts  from  these  rules  and  specifications  are  given  In 
tliis  paper,  with  critical  remarks  on  the  selection  of  the  material, 
assumptions  of  the  various  loads  and  forces,  and  of  the  permissible 
unit  stresses. 

Among  the  original  features  of  these  specifications  may  be  men- 
tioned a  new  formula  for  impact  which,  in  combination  with  apparently 
high  permissible  unit  stresses,  is  applicable  to  the  design  of  bridges 
of  any  length  of  span  or  any  capacity,  and  secures  in  each  case 
well-proportioned  structures. 
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The  paper  further  contains  a  detailed  account  of  the  essential 
features  of  the  fabrication  and  erection  of  the  Hell  Gate  Bridge  which 
called  for  the  highest  grade  of  workmanship,  required  special  tools  and 
machinery  of  exceptional  size,  and  involved  unusual  erection  prob- 
lems. This  account  is  intended  to  illustrate  the  advance  in  the  fabri- 
cation and  erection  of  large  bridges  of  the  riveted  type.  Especial 
mention  may  be  made  of  the  complete  assembling  of  the  arch  trusses 
at  the  shop,  and  the  extensive  utilization  of  parts  of  the  permanent 
structure  for  erection  purposes. 

The  approaches  to  the  Hell  Gate  Bridge,  which  comprise  the  East 
River  Bridge  Division  of  the  New  York  Connecting  Railroad,  consist 
of  several  heavy  truss  bridges,  a  double-leaf  bascule  bridge,  about 
10  800  lin.  ft.  of  plate-girder  A'iaducts  with  concrete  piers,  and  about 
3  200  lin.  ft.  of  embankment  between  high  retaining  walls  and  con- 
crete arches.  Space  does  not  permit  of  their  detailed  description,  but 
their  unusual  and  original  features,  and  the  reasons  and  conditions 
which  governed  their  design,  are  related. 

The  calculation  of  stresses  in  the  arch  trusses,  as  given  in 
Appendix  A,  although  presenting  no  new  theory,  will  be  found  of 
value  to  those  who  may  have  to  solve  similar  problems.  It  illustrates 
the  application  of  the  modern  theory  of  elasticity  in  the  shortest  and 
most  convenient  form. 

The  writer  is  under  obligation,  for  permission  to  present  this  paper 
and  for  valuable  information,  to  Gustav  Lindenthal,  M.  Am.  Soc.  C.  E., 
the  Consulting  and  Chief  Engineer,  to  whose  plans  and  direction  the 
successful  completion  of  the  Hell  Gate  Bridge  and  Approaches  is  due. 
For  convenience  of  reference  and  discussion,  the  paper  is  written 
under  the  following  principal  headings : 

1. — Object  and  History  of  the  New  York  Connecting  Railroad; 

2. — General  Description  of  East  River  Bridge  Division; 

3. — Development  of  Design  of  Hell  Gate  Bridge; 

4. — General  Arrangement,  Proportions  and  Cost  of  Arch  Bridge; 

5. — Masonry  Towers  and  Foundations ; 

6. — Details  of  Design,  and  Weight  of  Steel  Superstructure  of  Hell 
Gate  Bridge; 

7. — Camber  and  Deformation  of  Arch  Trusses; 

8. — Material; 

9. — Loads  and  Unit  Stresses; 
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10. — Workmanship  and  Fabrication; 

11. — Erection  of  Hell  Gate  Bridge; 

12. — Approaches ; 

13. — Track  Floor  Construction; 

14. — Engineering  Organization. 

Appendix  A. — Calculation  of  Dead-Load.  Live-Load,  and  Temper- 
ature Stresses  in  Arch  Trusses  of  Hell  Gate  Bridge; 

Appendix  B. — Financing,  and  Franchise  of  the  New  York  Con- 
necting Railroad  >  Company. 

r).   '^trft     n1      vfj.T      jf'triL 

1. — Object  and  History  of  the  New  York  Connecting  Railroad. 

Object. — The  New  York  Connecting  Railroad  is  a  part  of  the  com- 
prehensive plan  of  the  Pennsylvania  Railroad,  inaugurated  15  years 
ago  by  the  late  A.  J.  Cassatt,  then  President  of  that  Company,  and 
which  had  for  its  principal  objects  the  extension  of  the  line  from 
New  Jersey  into  New  York  City  and  direct  rail  connection,  for  pas- 
sengers and  freight,  with  Long  Island  and  the  New  England  States. 

The  parts  of  this  general  project  which  established  entrance  into 
New  York  City,  and  connection  with  the  Long  Island  Railroad,  com- 
prising the  tunnels  under  the  North  River,  Manhattan  Island,  and  the 
East  River,  the  great  passenger  terminal  in  Manhattan,  a  large  ter- 
minal yard,  called  "Sunnyside  Yard",  in  Long  Island  City,  a  freight 
terminal  yard,  at  Greenville,  N.  J.,  and  various  other  improvements 
have  been  fully  outlined  and  described  in  detail.*  (See  also  tlie  map, 
Fig.  1). 

The  New  York  Connecting  Railroad  establishes  a  physical  connec- 
tion between  the  Pennsylvania  Railroad  and  the  New  York,  New 
Haven,  and  Hartford  Railroad  Systems,  and  thus  provides  continuous 
rail  communication,  through  New  York  City,  between  Canada,  the 
New  England  States,  and  the  South  and  West. 

The  connection  with  the  New  Haven  Line  is  made  at  Port  Morris 
in  The  Bronx.  From  there,  the  Connecting  Railroad  crosses  the  East 
River,  via  Wards  and  Randalls  Islands,  and  joins  the  Pennsylvania 
Railroad  at  Sunnyside  Yard  in  Long  Island  City,  whence  the  trains 
pass  through  the  East  River  Tunnels  to  the  Pennsylvania  Station  at 
34th    Street,   in   Manhattan.      This   connection   via    Sunnyside   Yard, 

*  Transactions,  Am.  Soc.  C.  E.,  Volumes  LXVIII  and  LXIX  (1910). 
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however,  is  intended  for  passenger  trains  only,  inasmuch  as  the  tunnels 
under  the  North  and  East  Rivers  and  the  Manhattan  Station  can  now 
accommodate  only  passenger  traffic. 

The  freight  connection  will  be  made  by  another  branch  of  the  New' 
York  Connecting  Railroad,  which  after  crossing  the  East  River  at 
Hell  Gate,  passes  through  Long  Island  City,  Woodside,  Winfield 
Junction,  and  Middle  Village,  to  Eresh  Pond  Junction,  near  the 
Brooklyn  Borough  line,  where  it  connects  with  the  Bay  Ridge  Branch 
of  the  Long  Island  Railroad.  Erom  Bay  Ridge,  the  freight  cars  are 
transported  on  car-floats  across  New  York  Bay  to  the  Greenville 
Yards  of  the  Pennsylvania  Railroad  in  New  Jersey.  Eventually,  a 
tunnel  may  be  driven  under  New  York  Bay  from  Bay  Ridge  to  Green- 
ville, which  would  provide  also  for  freight  by  continuous-rail  connec- 
tion from  New  England  to  the  South  and  West  through  New  York 
City. 

Besides  this  through  freight  traffic,  the  New  York  Connecting 
Railroad  will  accommodate  the  bulk  of  the  freight  transportation  to 
and  from  the  large  manufacturing  districts  which  have  been  devel- 
oped during  recent  years  in  Brooklyn  and  Queens.  Eor  this  purpose 
a  number  of  freight  yards  have  been  established  along  the  Bay  Ridge 
Branch  of  the  Long  Island  Railroad. 

Although  not  doing  away  entirely  with  car-float  and  ferry  service, 
the  New  York  Connecting  Railroad  will  greatly  relieve  the  inner 
waters  of  New  York  Harbor  of  this  traffic,  particiilarly  of  the  obstruc- 
tive car-floats  which  now  transfer  freight  from  the  Pennsylvania 
Railroad  terminals  on  the  Jersey  shore  of  the  Hudson  River,  up  the 
East  River  to  the  New  Haven  Railroad  freight  terminals  at  Port 
Morris  and  Oak  Point,  in  The  Bronx.  .  | 

Trafic. — The  early  plans  contemplated  a  double-track  line.  Later, 
it  was  realized  that  the  probable  future  development  of  an  extensive 
passenger  and  freight  traffic  between  the  New  Haven  and  the  Penn- 
sylvania Systems  would  soon  require  four  tracks.  Estimates  also 
proved  that  it  would  be  much  more  costly  to  add  two  tracks  in  the 
future  than  to  build  a  four-track  line  in  the  first  place.  The  entire 
portion  from  Port  Morris  to  the  point  in  Long  Island  City  where  the 
two  passenger  tracks  branch  off  toward  Sunnyside  Yard  was  built 
therefore  for  four  tracks,  the  remainder  being  for  two  tracks  only. 
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The  bulk  of  the  traffic  over  the  New  York  Connecting::  Railroad 
will  be  freight.  Passenger  traffic  will  be  limited,  for  the  near  future 
at  least,  to  about  80  trains  daily,  40  in  and  out  of  the  Pennsylvania 
Station,  on  account  of  the  restricted  capacity  of  that  station.  Most 
of  the  passenger  trains  of  the  New  Haven  Railroad  will  continue  to 
run  into  the  Grand  Central  Station  of  the  New  York  Central  Railroad. 
!  No  local  passenger  stations  are  provided  on  the  New  York  Connect- 
ing Railroad  between  Port  Morris  and  the  Pennsylvania  Station  in 
Manhattan,  as  no  local  passenger  traffic  is  to  be  carried  between  points 
within  the  city  limits. 

The  New  York  Connecting  Railroad  will  be  operated  electrically 
by  the  single-phase  alternating-current  system  now  used  on  the  New 
Haven  Railroad.  The  current  will  be  delivered  by  an  overhead  cate- 
nary system  supported  by  the  steel  superstructure.  As  the  Pennsyl- 
vania Railroad,  between  Sunnyside  Yard  and  Manhattan  Transfer, 
via  the  Pennsylvania  Station,  has  the  direct-current  system  with  third- 
rail,  the  passenger  trains  will  have  to  change  locomotives  at  Sunny-j 
side  Yard  or  be  provided  with  locomotives  equipped  with  contact  shoes 
and  control  in  order  to  enable  them  to  run  over  both  systems.  On  all 
bridges  and  viaducts  of  the  New  York  Connecting  Railroad  there  are 
footwalks  for  the  use  of  employees. 

Realizing  the  opportunity  for  a  cheap  highway  connection  between 
the  Boroughs  of  The  Bronx  and  Queens,  Mr.  Lindenthal  conceived 
and  investigated  the  plan  of  carrying  a  60-ft.  highway,  with  trolley 
tracks,  on  an  upper  deck  of  the  bridges  and  viaducts.  Should  the 
necessity  arise,  it  would  be  entirely  feasible  to  carry  out  such  a  plan 
at  a  comparatively  moderate  expenditure.  It  would  provide  the  city 
with  a  magnificent  boulevard  connecting  two  densely  iwpulated  districts. 

History. — The  history  of  the  New  York  Connecting  Railroad  is 
linked  up  with  various  plans  and  enterprises  which  had  as  their  object 
improved  transportation  facilities  in  and  around  the  City  of  New 
York.  The  project  of  crossing  the  East  River  at  Hell  Gate  took  con- 
crete form  for  the  first  time  in  1892,  when  a  charter  was  secured  by 
the  late  Oliver  W.  Barnes,  M.  Am.  Soc.  C.  E.,  a  well-known  civil  en- 
gineer, to  build  a  double-track  railroad  connecting  the  New  York 
Central  Railroad  with  the  Long  Island  Railroad. 

Plans  for  this  line  with  a  cantilever  bridge  of  840  ft.  span  (Fig.  2) 
over  the  East  River  at  Hell  Gate  were  worked  out  by  the  late  Alfred 
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P.  Boiler,  M.  Am.  Soc.  C.  E.,  as  Consulting  Engineer,  and  construc- 
tion was  to  be  started  in  1900.  At  this  time  the  Pennsylvania  Rail- 
road had  mapped  out  its  scheme  for  extending  its  line  from  New  Jer- 
sey into  Manhattan.  The  North  River  was  to  be  crossed  on  a  suspen- 
sion bridge  of  3  100  ft.  span,  which  had  been  designed  and  promoted 
previously  by  Mr.  Lindenthal.  The  bridge  would  have  accommodated 
ten  railroad  tracks,  rapid  transit  and  highway  traffic,  and  would  have 
required  the  participation  of  all  the  other  railroads  terminating  in 
New  Jersey.  The  bridge  was  to  be  connected  by  an  approach  descend- 
ing with  a  2%  grade  to  a  tunnel  under  42d  Street,  commencing  near 
Tenth  Avenue  and  extending  across  Manhattan  and  under  the  East 
River  to  a  connection  with  the  Long  Island  Railroad  System.  This 
tunnel  was  called  the  Steinway  Tunnel,  after  the  President  of  the 
Tunnel  Company  of  which  Mr.  Barnes  was  the  Chief  Engineer.  Mr. 
Lindenthal  mapped  out  to  Mr.  Barnes  a  connection  of  the  Long 
Island  System  with  the  New  Haven  Railroad  System  in  The  Bronx 
on  substantially  the  present  line  of  the  New  York  Connecting  Rail- 
road, thus  establishing  a  continuous  line  through  New  York  City 
territory. 

As  the  other  railroads  in  New  Jersey  declined  to  co-operate  in  the 
North  River  bridge  project,  this  was  finally  abandoned  by  the  Penn- 
sylvania Railroad  in  favor  of  two  single-track  tunnels,  the  previous 
objections  to  tunnels  for  train  service  having  by  that  time  been  over- 
come by  the  introduction  of  electric  operation. 

In  1900,  the  Pennsylvania  Railroad  acquired  control  of  the  Long 
Island  Railroad,  and  a  connection  with  this  road  across  the  East  River, 
and  with  the  New  England  roads,  via  the  New  York  Connecting  Rail- 
road on  the  line  originally  mapped  out,  became,  therefore,  necessary 
adjuncts  to  the  plan  of  entering  Manliattan.  As  a  result,  the  Penn- 
sylvania Railroad,  in  conjunction  with  the  New  Haven  Railroad, 
acquired  the  charter  of  the  New  York  Connecting  Railroad.  Samuel 
Rea,  M.  Am.  Soc.  C.  E.,  then  Vice-President  of  the  Pennsylvania 
Railroad,  took  charge  of  the  entire  project  as  President  of  the  New 
York  Connecting  Railroad.  The  entire  work  was  under  his  direction. 
A.  J.  County,  Assoc.  Am.  Soc.  C.  E.,  was  Assistant  to  the  President, 
and  Mr.  Lindenthal  was  appointed  Consulting  Engineer  and  Bridge 
Architect  to  work  out  new  plans  for  the  East  River  Bridge  and 
Approaches.     The  surveys  and  location  in  detail,  as  well  as  the  first 
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borings  for  the  foundations,  were  made  by  Joseph  N".  Crawford,  Con- 
sulting Engineer  of  the  Pennsylvania  Kailroad.  Later,  this  work 
was  turned  over  to  Mr.  Lindenthal,  who  appointed  his  own  staff. 

A  franchise  for  the  construction  of  the  New  York  Connecting 
Railroad  was  granted  by  the  Board  of  Rapid  Transit  Railroad  Com- 
missioners of  New  York  (succeeded  by  the  present  Public  Service 
Commission  for  the  First  District),  in  February,  1907.  On  account 
of  the  financial  stringency  in  this  year,  the  commencement  of  actual 
construction  was  again  delayed  until  July,  1912,  when  ground  was 
broken.  It  was  estimated  that  construction  would  be  completed  by 
January  1st,  1916,  but  an  injunction  and  unforeseen  difficulties  in 
building  the  foundations  for  the  Hell  Gate  Bridge  delayed  the  com- 
pletion for  more  than  a  year.     Traffic  was  established  in  March,  1917. 

2. — General  Description  of  East  River  Bridge  Division. 

Length. — For  construction  purposes,  the  New  York  Connecting 
Railroad,  8.96  miles  long,  has  been  separated  into  two  divisions.  The 
"East  River  Bridge  Division",  which  extends  from  the  junction  with 
the  New  Haven  Railroad  in  The  BroiLX  across  the  East  River  to 
Stemler  Street  in  Long  Island  City,  a  distance  of  3.38  miles,  was 
designed  by  Mr.  Lindenthal,  as  Consulting  Engineer  and  Bridge 
Architect,  and  executed  by  him  as  Chief  Engineer.  The  "Southern 
Division",  which  comprises  the  remainder,  or  5.58  miles,  was  in 
charge  of  Mr.  A.  C.  Shand,  Chief  Engineer,  and  H.  C.  Booz,  M. 
Am.  Soc.  C.  E.,  Assistant  Chief  Engineer.  This  paper  is  devoted 
exclusively  to  the  East  River  Bridge  Division,  which  consists  prin- 
cipally of  bridges  and  viaducts,  and  has  consumed  about  two-thirds 
of  the  entire  cost.  The  plan  and  profile  of  this  Division  are  shown 
on  Plate  XXIY.        Z^^l  feb-ti:W  r- 

Location. — From  the  junct'ion  of  the  New  York  Connecting  Rail- 
road with  the  New  Haven  Railroad,  immediately  north-  of  the  crossing 
over  the  Port  Morris  Branch  of  the  New  York  and  Harlem  Railroad 
(New  York  Central  Railroad),  the  two  roads  run  parallel  in  a  south- 
westerly direction  on  eight  tracks  to  East  133d  Street,  the  four  New 
York  Connecting  Railroad  tracks  rising  gradually  above  the  New 
Haven  tracks.  South  of  133d  Street,  the  two  westerly  or  passenger 
tracks  of  the  Connecting  Road  cross  over  the  two  easterly  or  freight 
tracks  of  the  New  Haven  Road.    At  this  point  the  New  Haven  tracks 


862  HELL   GATE   ARCH  BRIDGE 

turn  on  a  sharp  curve  toward  the  northwest,  ending  in  the  Harlem 
River   Station  and  Yard,   opposite  125th   Street,  Manhattan. 

The  New  York  Connecting  Road  continues  in  the  southeasterly 
direction,  crosses  Bronx  Kill  on  a  double-leaf  bascule  bridge,  and  then 
skirts  the  east  shore  of  Randalls  Island  on  a  viaduct  1  965  ft.  long. 
Another  arm  of  the  East  River,  called  "Little  Hell  Gate",  between 
Randalls  and  Wards  Islands,  is  bridged  over  by  four  skew  deck  truss 
spans,  of  an  aggregate  length  of  1  154  ft. 

On  Wards  Island  the  line  turns  to  a  southeasterly  direction  with 
a  sweeping  curve  on  a  viaduct  from  95  to  130  ft.  high  and  2  654  ft. 
long.  The  main  channel  of  the  East  River  is  crossed  at  "Hell  Gate" 
by  an  arch  bridge  having  a  single  span  of  1  017  ft.  between  abutment 
towers,  a  total  height  of  305  ft.  and  a  clear  head-room  of  135  ft.  above 
mean  high  water. 

On  the  Long  Island  side  of  the  East  River,  the  road  continues  in 
a  southeasterly  direction,  descending  partly  on  a  viaduct,  and  partly 
on  an  embanlxment,  from  a  height  of  110  ft.  to  30  ft.  above  ground  at 
Stemler  Street,  Long  Island  City,  where  the  Southern  Division  begins. 

The  total  length  of  the  main  line  is  8.96  miles,  of  which  3. 73  miles 
have  four  tracks  and  the  remainder  two  tracks.  A  study  of  the  map 
and  of  the  river  conditions  as  outlined  herein  will  show  at  once  that 
this  route,  crossing  the  East  River  at  its  narrowest  point,  was  the 
natural  one  to  follow.  Any  other  route  would  have  been  much  more 
expensive.  A  tunnel  under  the  East  River  at  this  point  would  have 
been  a  very  expensive  and  hazardous  undertaking,  and  would  have 
deprived  the  passengers  of  the  picturesque  and  more  comfortable  ride 
over  the  elevated  structure. 

Curves  and  Grades. — The  maximum  curvature  is  4°  for  a  short  dis- 
tance at  133d  Street,  The  Bronx.  On  Wards  Island,  the  curvature  is 
3°  10'  for  a  length  of  2  545  ft.  All  other  curves  are  less  than  1 
degree.  North  of  Hell  Gate  Bridge,  or  against  south-bound  traffic, 
the  grade  is  nearly  uniform,  1.2%  (maximum  1.218%),  compensated 
on  curves.  This  grade  was  governed  by  the  elevation  of  the  tracks 
over  the  East  River,  where  the  clear  height  of  135  ft.  above  mean 
high  water  was  prescribed  by  the  War  Department;  this  is  the  same 
clearance  as  that  for  the  other  East  River  bridges.  South  of  Hell 
Gate  Bridge,  the  tracks  descend  on  a  uniform  grade  of  0.72%,  the 
ruling  grade  for  north-bound  traffic. 
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Quantities  and  Cost. — The  New  York  Connecting  Railroad  will 
be  one  of  the  most  expensive  railroad  lines  ever  built.  Its  total  cost, 
inclusive  of  right  of  way,  will  be  about  $27  000  000.  Of  this,  the 
East  River  Bridge  Division  consumed  approximately  $18  500  000,  or 
$5  500  000  per  mile  of  four-track  line.  This  division  required  about 
500  000  cu.  yd.  of  granite  and  concrete  masonry  and  90  000  tons  of 
steelwork. 

3. — Development  of  Design  of  Hell  Gate  Bkidge. 

Introductory. — A  great  work  of  art  evolves  from  an  idea  in  the 
mind  of  its  creator.  It  is  brought  on  paper  or  into  a  more  contem- 
plative form  and  then  changed  and  remodeled.  Not  until  the  plans 
have  passed  through  changes  and  corrections,  and  have  been  sub- 
mitted to  an  almost  endless  series  of  finishing  touches,  does  the  great 
work  attain  its  perfection. 

A  great  bridge  in  a  great  city,  although  primarily  vitilitarian  in 
its  purpose,  should  nevertheless  be  a  work  of  art  to  which  Science 
lends  its  aid.  An  elaborate  stress  sheet,  worked  out  on  a  purely 
economic  and  scientific  basis,  does  not  make  a  great  bridge.  It  is 
only  with  a  broad  sense  for  beauty  and  harmony,  coupled  with  wide 
experience  in  the  scientific  and  technical  field,  that  a  monumental 
bridge  can  be  created.  Fortunately,  the  Hell  Gate  Bridge  was  evolved 
under  such  conditions,  and  therefore  may  well  be  said  to  be  one  of  the 
finest  creations  of  engineering  art  of  great  size  which  this  century  has 
produced. 

As  mentioned  heretofore,  under  "History  of  the  New  York  Con- 
necting Railroad",  the  first  design  for  the  Hell  Gate  Bridge  was  made 
in  1900  by  the  late  Alfred  P.  Boiler.  It  was  a  cantilever  design  with 
a  central  span  of  840  ft.,  supported  on  braced  steel  towei's.  (Fig.  2.) 
The  bridge  was  designed  for  two  tracks  only,  for  a  light  live  load, 
approximately  equivalent  to  Cooper's  E-40,  and  for  open  tie  flooring. 

From  1904,  when  Mr.  Lindenthal  was  appointed  by  the  Pennsylva- 
nia Railroad  to  work  out  new  plans  on  more  modern  lines,  until  1912, 
when  actual  construction  was  started  under  his  direction,  the  design 
of  the  Hell  Gate  Bridge  received  almost  continuous  and  thorough 
study,  involving  the  working  out  of  complete  designs  of  several  types 
of  bridges  and  a  number  of  modifications  of  the  type  finally  adopted. 
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River  Conditions. — The  East  River  is  an  estuary  or  tidal  stream 
forming  the  eastern  entrance  to  New  York  Harbor  from  the  Atlantic 
Ocean  by  way  of  Long  Island  Sound.  That  part  immediately  east 
of  its  confluence  with  the  Harlem  River,  between  Wards  Island 
and  the  Long  Island  shore,  is  the  so-called  "Hell  Gate,"  which  name 
is  due,  evidently,  to  the  great  dangers  and  trying  conditions  to  which 
navigation  was  formerly  exposed  at  this  spot.  On  account  of  the  pres- 
ence of  many  protruding  rocks  and  reefs,  the  sharp  bend  of  the 
channel  just  below  Hell  Gate,  and  the  rapid  tidal  currents,  which  even 
now  attain  velocities  of  7  miles  per  hour,  collisions  and  disasters  in 
this  locality  were  of  frequent  occurrence.  These  conditions  have  been 
greatly  improved  by  the  removal  of  the  most  dangerous  reefs,  some 
of  which  required  the  blasting  away  of  enormous  quantities  of  rock. 
The  most  famous  operation  was  the  removal  of  "Flood  Rock",  in  1885, 
when  nearly  300  000  cu.  yd.  of  rock  were  broken  up  in  one  blast. 

The  river  at  the  Hell  Gate  Bridge  is  850  ft.  wide  between  shore 
lines  and  700  ft.  between  bulkhead  lines,  as  established  by  the  War 
Department.  Both  shores  fall  rapidly  to  a  greatest  depth  of  105  ft. 
below  mean  high  water.  The  mean  tide  is  5.7  ft.  At  present,  the 
channel  has  a  minimum  depth  of  26  ft.,  but,  eventually,  it  is  to  be 
dredged  to  a  depth  of  35  or  40  ft.  so  as  to  permit  the  safe  passage 
of  deep-draft  vessels.  The  river  traffic  is  quite  considerable,  consisting 
to  a  great  extent  of  car-floats  and  tows  which  are  difficult  to  control. 

Types  to  he  Considered. — The  river  conditions,  as  outlined,  and 
the  great  height  of  the  tracks  above  the  water,  prohibited  physically 
and  economically  the  construction  of  any  permanent  or  even  tempo- 
rary support  in  the  river  channel,  and  called  for  a  single  river  span 
of  at  least  850  ft.,  and  of  a  type  that  could  be  erected  without  the  use 
of  falsework  in  the  river.  The  only  types  which  can  be  taken  into 
consideration  under  such  conditions  are  the  cantilever  or  its  relative, 
the  continuous  truss,  the  stiffened  suspension  bridge,  and  the  arch 
(hingeless,  two,  or  three-hinged). 

Judging  from  prevailing  tendencies,  most  engineers  undoubtedly 
would  have  considered  the  cantilever  type  as  best  suited  to  the  existing 
conditions,  and  it  is  not  surprising,  therefore,  that  the  first  design  was 
of  that  type. 

The  suspension  type  for  railroad  bridges  is  considered  by  many 
engin^rs  as  unsuitable  for  spans  of  less  than  2  000  ft.,  and,  perhaps, 
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very  few  would  have  looked  to  the  arch  as  a  suitable  type  in  this  case, 
because  it  is  usually  associated  with  steep  rocky  shores  which  afiord 
natural  solid  abutments  and  cheap  anchorages  for  erection  back-stays. 

The  span  length,  required  clearance,  character  of  soil,  and  other 
local  conditions  at  Hell  Gate  are  such  that,  in  a  broad  sense,  there  is 
little  if  any  difference  in  cost  between  the  several  types  mentioned. 
Whatever  differences  in  cost  may  be  found  by  comparative  designs 
are  largely  due  to  the  individual  judgment  of  the  designer  in  the 
selection  of  the  truss  system,  material,  permissible  unit  stresses,  foun- 
dations, and  architectural  features. 

A  real  economy  of  the  suspension  type  over  the  others  comes  in 
with  spans  greater  than  850  ft.;  an  appreciable  economy  of  the  arch 
over  the  cantilever  and  suspension  types  would  have  been  realized 
with  more  favorable  configuration  and  character  of  ground,  partic- 
ularly if  the  required  clearance  had  permitted  the  same  span  length 
for  the  arch  as  for  the  other  types.  There  was  the  more  reason, 
therefore,  for  selecting  the  type  for  the  Hell  Gate  Bridge  on  broader 
than  mere  economic  principles. 

Mr.  Lindenthal  conceived  the  bridge  as  a  monumental  portal  for 
the  steamers  which  enter  jSTew  York  Harbor  from  Long  Island  Sound. 
He  also  realized  that  this  bridge,  forming  a  conspicuous  object  which 
can  be  seen  from  both  shores  of  the  river  and  from  almost  every 
elevated  point  of  the  city,  and  will  be  observed  daily  by  thousands  of 
passengers,  should  be  an  impressive  structure.  The  arch,  flanked  by 
massive  masonry  towers,  was  most  favorably  adapted  to  that  purpose. 

Comparative  Designs 
of  Cantilever,  Continuous,  and  Suspension  Types. 

In  1904  Mr.  Lindenthal  made  comparative  designs  of  the  three 
types  comprising  the  stiffened  suspension  type  with  eye-bar  chains 
(Fig.  3),  the  three-span  continuous  truss  (Fig.  4),  and  the  three-span 
cantilever  (Fig.  5),  all  with  a  central  span  of  850  ft.  and  a  total 
length  varying  from  1  450  to  1  550  ft.  The  designs  were  made  both 
for  two  and  four  tracks,  and  open  tie  flooring.  The  live  load  assumed 
was  the  Pennsylvania  Railroad  standard  loading  of  1904,  which  is 
approximately  equivalent  to  Cooper's  E-50. 

Nickel  steel  was  assumed  for  the  trusses  in  the  four-track  designs 
only,  and  ordinary  carbon  steel  for  the  floor  system,  bracing,  and  towers 
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in  the  four-track  designs  and  throughout  for  the  two-track  designs. 
The  estimated  weights  of  steelwork  varied  from  7  000  to  8  500  tons 
for  double-track  and  from  11 200  to  14  200  tons  for  four  tracks  (if 
carbon  steel  had  been  assumed  these  weights  would  have  been  14  000 
and  17  000  tons,  respectively),  being  least  for  the  suspension  bridge 
and  greatest  for  the  cantilever. 

The  saving  in  steelwork  in  the  suspension  design  was  partly  offset 
by  the  greater  cost  of  the  anchorage  piers,  but,  under  assumed  favor- 
able soil  conditions,  the  estimates  showed  a  saving  in  cost  in  favor 
of  the  latter  design.  Under  the  more  unfavorable  soil  conditions 
actually  found  on  the  Wards  Island  side,  the  total  cost  would  be 
more  nearly  alike  for  the  different  designs. 


CONTINUOUS  TRUSS  DESIGN   (1904) 
Fig.  4. 


CANTILEVER  DESIGN  (1904) 
Fig.  5. 

Suspension  Design. — The  system  of  trusses  adopted  for  the  sus- 
pension design  (Fig.  3)  is  that  of  an  inverted  three-hinged  spandrel- 
braced  arch  suspended  from  hinged  towers.  The  upper  chord  or  chain 
of  eye-bars  follows  very  nearly  the  equilibrium  polygon  for  dead  load. 
The  web  members  and  lower  chord  form,  with  the  main  chain,  the 
stiffening  trusses. 

Owing  to  the  hinge  at  the  center,  the  system  is  statically  determi- 
nate and  immune  to  settlements  of  the  foundations.    A  similar  system, 
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but  without  the  center  hinge,  was  used  by  Mr.  Lindenthal  in  his 
design  for  the  bridge  over  the  St.  Lawrence  Eiver,  at  Quebec,  made  in 
1898,  and  for  the  Manhattan  Bridge  over  the  East  Eiver  in  New  York 
City.  This  system  has  been  fully  described  and  discussed  by  him,*  and, 
therefore,  will  not  be  further  explained  here. 

The  system  used  in  Mr.  Lindenthal's  design  for  the  Quebec  Bridge, 
made  in  1910.+  although  similar  in  form,  differs  from  the  previously 
mentioned  system  in  that  its  two  chords  or  chains  form  intersecting 
catenaries  equi-distant  from  the  line  of  equilibrium  for  dead  load. 
This  system  is  applicable  to  very  long  spans  only,  where  the  tension 
in  the  chains  from  dead  load  cannot  be  reversed  by  the  live  load. 

In  the  design  for  the  Hell  Gate  Bridge  a  hinge  was  provided  at 
the  center,  as  it  was  not  known  whether  solid  rock  foundations  could 
be  obtained  at  reasonable  depth.  Wherever  the  piers  rest  on  unyield- 
ing foundations,  it  is  preferable  to  omit  the  hinge.  In  comparison 
with  the  bridge  types  shown  in  Figs.  4  and  5,  the  suspension  type, 
with  its  graceful  oiitlines,  possesses  unquestionably  the  advantage  of 
more  pleasing  and  monumental  appearance.  The  anchorage  masonry 
and  the  main  towers  give  opportunity  for  architectural  treatment. 
The  appearance  would  be  improved  by  a  slight  increase  in  the  length 
of  the  end  span. 

In  point  of  rigidity,  the  cantilever,  in  general,  is  superior  to  the 
suspension  bridge.  However,  with  the  system  of  stiffening  trusses 
selected  for  this  design  and  the  great  sag  of  the  chains  (one-sixth  of 
the  span  length),  the  deflections  of  the  suspension  bridge  are  reduced 
to  about  one  and  one-half  times  those  of  the  cantilever.  This  greater 
deflection,  however,  is  no  serious  disadvantage  in  a  bridge  of  such 
size  and  capacity,  in  which  the  dead  load  is  more  than  twice  as  much 
as  the  maximum  assumed  live  load  and  more  than  four  times  the 
live  load  under  average  traffic  conditions.  Moreover,  in  a  suspension 
bridge,  the  deflections  from  live  load  are  free  from  that  jerkiness 
which  is  the  disagreeable  characteristic  of  deflection  in  the  cantilever 
bridge  system. 

Although  unusual,  the  erection  of  the  eye-bar  chain  suspension 
bridge,  without  falsework  in  the  center  span,  is  entirely  feasible,  and 
does  not  present  more  serious  difficulties  than  that  of  a  cantilever. 

*  Transactions,  Am.  Soc.  C.  E.,  Vol.  LV  (December,  1905). 
t  Engineering  News,  November  23d,  1911. 
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It  was  particularly  for  its  monumental  character,  together  with  its 
apparently  smaller  cost,  that  the  stiffened  suspension  bridge  was  rec- 
ommended by  the  designer  for  adoption  in  preference  to  the  other 
types,  and  it  would  undoubtedly  have  been  executed  had  construction 
been  started  at  that  time  and  had  not  certain  conditions  developed 
later  which  led  to  the  study  and  final  adoption  of  the  arch  type. 

Continuous  Tru^s. — In  point  of  rigidity,  the  continuous  truss 
(Fig.  4)  is  superior  to  the  cantilever  and  suspension  type.  As  regards 
appearance,  however,  this  design  is  the  least  satisfactory.  Both  for 
economy  and  appearance  the  design  could  be  improved  by  depressing 
the  top  chord  so  as  to  make  the  height  at  the  middle  of  the  center 
span  about  two-thirds  of  that  over  the  main  piers,  and  by  using  a 
single  instead  of  the  antiquated  double  web  system.  In  any  case, 
however,  the  appearance  would  be  that  of  a  utilitarian  structure. 

The  common  objection  to  a  bridge  of  this  type  is  that  the  trusses 
are  statically  indeterminate  and  may  be  affected  seriously  by  settle- 
ments of  the  foundations.  Where  solid  foundations  can  be  reached 
at  reasonable  depth,  this  objection,  however,  is  not  valid,  and  this  type 
may  be  found  to  be  cheaper  and  more  suitable  than  other  types  if 
esthetic  considerations  are  of  no  importance.  The  erection  of  a  con- 
tinuous truss  bridge,  being  similar  to  that  of  a  cantilever,  does  not 
present  unusual  difficulties. 

Cantilever  Design. — The  cantilever  design  (Fig.  5)  is  similar  to 
that  shown  in  Fig.  2,  except  that  slender  hinged  towers  take  the  place 
of  the  unsightly  braced  towers  of  the  latter  design.  Although  superior 
in  appearance  to  many  existing  cantilever  bridges,  both  designs  pro- 
duce the  effect  of  utilitarian  structures  inherent  to  cantilever  bridges. 
There  is  no  opportunity  for  monumental  towers  or  abutments  at  the 
ends,  because  the  absence  of  a  large  horizontal  thrust  or  pull  does 
not  justify  a  large  mass  of  masonry  at  those  points,  as  in  the  case  of 
an  arch  or  a  suspension  bridge. 

The  hinged  towers  in  the  design  (Fig.  5)  are  a  distinct  improve- 
ment over  the  braced  towers,  in  that  they  eliminate  dangerous  sec- 
ondary stresses  which  are  caused  in  the  case  of  the  latter.  A  further 
decided  improvement  as  regards  appearance,  rigidity,  and  permanence, 
and,  therefore,  fully  justifying  the  slightly  greater  expense,  would  be 
the  substitution  of  solid  masonry  piers  for  the  steel  towers  below  the 
bottom  chord  of  the  trusses.     Such  piers  have  the  further  advantage 
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that  the  longitudinal  forces  from  braking  and  traction  can  be  trans- 
mitted through-  them  to  the  foundations  on  the  shortest  way  and 
without  increasing  appreciably  the  size  of  the  piers.  In  the  design 
(Fig.  5)  the  anchor  arms  have  the  proper  length,  whereas  in  the 
design  (Fig.  2),  they  are  too  long,  both  as  regards  economy  and  as 
the  ends  are  subject  to  reversal  of  reaction  from  live  load  which  causes 
objectionable  "hammering." 

Conditions  Which  Led  to  Investigation  of  Arch   Type. 

In  1905  the  line  of  the  railroad  on  Wards  Island  was  moved  far- 
ther north,  in  order  to  keep  it  a  greater  distance  from  the  State  Hos- 
pital buildings  there.  This  resulted  in  a  sharp  3°  10'  curve  extending 
at  both  ends  almost  to  the  shore  line  of  the  island.  A  long  shore  span 
such  as  would  have  been  required  for  a  cantilever  or  suspension 
bridge  would  have  necessitated  a  still  sharper  curve,  which  was  not 
desirable  on  account  of  the  heavy  grade. 

Moreover,  in  the  case  of  a  cantilever  or  suspension  bridge,  it  would 
have  been  necessary,  in  order  to  keep  the  span  length  down  to  850  ft., 
to  place  the  main  piers  close  to  the  shore  lines.  On  the  Long  Island 
side  this  would  have  necessitated,  at  considerable  additional  expense, 
the  shifting  landward  of  the  boulevard  which  runs  along  the  river 
shore,  and  would  undoubtedly  have  been  objected  to  by  the  City 
authorities. 

These  conditions  induced  Mr.  Lindenthal  to  investigate  a  single- 
span  arch  bridge  design.  For  an  arch,  the  location  of  the  Long 
Island  abutment  on  the  land  side  of  the  boulevard  was  the  proper  one, 
the  span  length  of  about  1  000  ft.  being  determined  by  the  clear  height 
of  135  ft.  which  was  required  by  the  Government  for  navigation  and 
had  to  be  maintained  for  the  full  width  between  the  established  bulk- 
head lines.  By  that  time,  also,  preliminary  borings  had  been  com- 
pleted, giving  more  accurate  information  as  to  the  soil  conditions. 
These  borings  indicated  that  solid  foundations,  which  are  necessary 
to  resist  the  tremendous  thrust  of  an  arch  of  such  great  span,  could 
be  had  at  reasonable  depth. 

Comparison  of  Arch  with  Cantilever  and  Suspension  Types. 
Comparison  in  cost  with  the  suspension  and  cantilever  designs  indi- 
cated a  saving  in  favor  of  the  arch.     The  estimated  weight  of  steel- 
work of  the  arch,  using  carbon  steel  only,  was  about  13  000  tons,  as 
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compared  with  14  000  and  17  000  tons  for  the  suspension  and  cantilever 
designs,  respectively.  As  actually  built,  the  arch  is  probably  no 
cheaper  than  a  cantilever  or  suspension  bridge  under  the  same  condi- 
tions, because  the  saving  in  steelwork  was  practically  offset  by  the 
greater  cost  of  the  more  elaborate  towers  adopted  in  the  final  design, 
and  by  the  greater  cost  of  foundations,  due  to  the  unfavorable  soil  con- 
ditions encoTontered  on  the  Wards  Island  side. 

Had  the  arch  abutments  been  designed  to  satisfy  only  the  static 
requirements,  a  substantial  saving  in  favor  of  the  arch  would  have 
resulted,  and,  of  course,  still  more  so,  if  it  had  been  possible  to  give 
the  arch  a  span  of  only  850  ft.  These  conditions,  together  with  the  con- 
siderations for  appearance,  finally  led  to  the  adoption  of  the  arch  type. 

The  two  masonry  towers  placed  at  each  end  of  the  bridge  are  an 
architectural  necessity.  Without  them,  the  arch  would  lose  much  of 
its  monumental  character  and  be  reduced  to  a  utilitarian  structure 
similar  to  the  cantilever.  The  towers,  however,  have  their  static  func- 
tion also.  With  their  great  weight,  they  steepen  the  resultant  arch 
thrust  and  thereby  limit  the  size  of  the  deep  foundations  to  a  minimum. 
They  also  facilitated  and  cheapened  the  erection  of  the  arch  to  a  con- 
siderable extent.  Aside  from  the  considerations  which  favored  it  in 
this  case,  the  arch  type,  as  finally  adopted,  possesses  over  the  suspen- 
sion and  cantilever  types  the  advantages  of  greater  rigidity,  its  vertical 
deflection  under  live  load  being  only  about  two-thirds  of  that  of  the 
cantilever.  The  deflections,  which  are  maximum  at  the  quarter-points 
of  the  arch  span,  are  not  greater  than  those  at  the  center  of  a  simple 
span,  which  is  well  known  as  the  stiff  est  type  of  bridge. 

The  secondary  stresses,  also,  are  small  in  an  arch  of  the  adopted 
type,  and  very  much  smaller  than  in  most  cantilever  bridges,  although 
this  depends  very  much  on  the  truss  system  and  the  method  of  erection. 

The  economy  of  an  arch  depends  largely  on  the  method  of  erection. 
An  arch  is  erected  either  on  falsework  (which  was  out  of  question  in 
this  case)  or  by  the  cantilever  method,  being,  in  the  latter  case,  held 
by  the  temporary  back-stays.  These  back-stays  may  require  con- 
siderable extra  material,  and  may  thus  impair  the  economy  of  the 
arch,  unless  the  configuration  of  the  ground  is  such  that  they  can  be 
made  of  short  ties  and  anchored  cheaply  in  solid  rock. 

This  was  not  possible  in  the  case  of  the  Hell  Gate  Bridge.  How- 
ever, the  adjoining  viaduct   spans,  the  floor  system,   suspenders,   and 
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other  parts  of  the  arch  bridge  proper  aiforded  in  this  case  ample  ma- 
terial to  make  up  the  temporary  back-stays  and  anchorages,  so  that 
only  little  extra  material  had  to  be  used.  This  cheapened  the  erection 
very  considerably.  The  erection  on  the  cantilever  principle  presents 
no  more  serious  problems  than  that  of  a  cantilever  proper;  on  the  con- 
trary, the  final  erection  adjustments  are  simpler  in  the  case  of  the  arch. 

Two  Comparative  Designs  of  Arch  Type. 

Two  designs  for  an  arch  bridge  were  made  by  Mr.  Lindenthal  in 
1905.  Fig.  6  represents  the  two-hinged  crescent  arch,  as  used,  for 
instance,  for  the  railroad  bridges  over  the  Garabit  Valley,  in  France, 
and  over  the  Douro  River,  in  Portugal,  with  spans  of  541  and  525  ft., 
respectively.  Fig.  7  represents  the  two-hinged,  spandrel-braced  arch, 
similar  to  the  bridges  over  the  Rhine  at  Diisseldorf  and  Bonn,  which 
have  spans  of  595  and  614  ft.,  respectively.  The  two  designs  were 
made  for  the  same  loads  and  specifications  as  the  cantilever  or  sus- 
pension designs,  but  ordinary  carbon  steel  was  assumed  throughout, 
because,  at  prevailing  prices,  nickel  steel  ($40  per  ton  higher  than 
carbon  steel)  did  not  seem  to  offer  any. saving.  The  estimated  weight 
of  steelwork  was  slightly  in  favor  of  the  crescent  arch,  but  the  spandrel- 
braced  arch  offered  greater  advantages  for  the  cantilever  erection. 
Although  both  designs  are  pleasing  in  appearance,  the  spandrel  arch, 
owing  to  its  height  increasing  from  the  center  toward  the  ends,  is  more 
expressive  of  rigidity  than  the  crescent  arch,  the  ends  of  which  appear 
to  be  unnaturally  slim  in  comparison  with  the  great  height  at  the  center. 

The  three-hinged  arch  was  not  considered.  It  is  not  cheaper  than 
the  two-hinged  arch,  and  is  not  as  rigid.  The  fact  that  the  two-hinged 
arch  is  statically  indeterminate  is  frequently  cited  as  an  objection  to 
that  type.  This  is  not  justified.  There  is  no  more  uncertainty  in  the 
stress  distribution  in  that  type  than  in  a  so-called  statically  deter- 
minate structure  with  riveted  connections,  and  even  pin  connections 
do  not  remove  the  uncertainty,  as  is  now  well  recognized.  Moreover, 
if  desired,  it  is  always  possible,  as  has  been  done  in  the  case  of  the  Hell 
Gate  Bridge,  to  erect  the  two-hinged  arch  so  that  it  is  statically  de- 
terminate for  dead  load.  This,  however,  is  a  convenience  in  erection 
rather  than  an  advantage  as  regards  stress  action.  Of  course,  the 
above  characteristic  of  the  two-hinged  arch  is  a  serious  objection  where 
no  solid  foundations  can  be  obtained,  because  of  the  uncertainty  of 
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stresses  which  may  be  produced  by  a  spreading  of  the  foundations.     A 
two-hinged  arch  requires  unyielding  abutments. 

Modifications  in  Adopted  Arch  Design. 

The  spandrel-braced  arch  type  was  finally  adopted.  Before  the 
design  was  worked  out  in  detail,  the  top  chord  was  changed  by  giving 
it  a  slight  reversal  of  curve  toward  the  ends,  in  order  to  provide  for  a 
stout  portal  and  wind  bracing  for  the  top  chords,  and  also  improve 
the  silhouette  of  the  arch.  The  towers  were  increased  in  height,  and 
their  architectural  features  modified. 

In  1907,  the  design  of  the  tower  shown  in  Fig.  8  was  submitted  to 
the  Municipal  Art  Commission  of  New  York.  This  Commission, 
although  not  objecting  to  the  design  as  a  whole,  disapproved  of  the 
decorative  features  of  the  towers  and  their  bases.  The  towers  then 
received  several  further  modifications  until,  in  1912,  shortly  before 
construction  started,  the  design  illustrated  in  Fig.  9  was  finally 
adopted.  The  tower  in  this  design  represents  a  great  improvement 
over  that  shown  in  Fig.  8,  being  more  impressive  in  outline  and  simpler 
in  architectural  ornament  and,  therefore,  more  in  harmony  with  the 
simple,  imposing  forms  and  lines  of  the  bridge  proper. 

It  should  also  be  mentioned  that,  in  1910,  the  steel  superstructure 
was  re-designed  to  carry  Cooper's  E-60  loading  and  a  solid  ballasted 
floor.  This  loading  had  already  been  adopted  by  a  number  of  railroads, 
including  the  New  York,  New  Haven  and  Hartford  Railroad,  which 
is  to  use  the  bridge.  High-carbon  steel  was  adopted  in  place  of  the 
ordinary  structural  steel.  This  last  design,  moreover,  was  based  on 
special  rules  of  design  prepared  by  Mr.  Lindenthal,  as  abstracted  here- 
inafter. These  resulted  in  a  heavier  floor  system,  a  stronger  connec- 
tion, and  heavier  details  throughout.  Four  lines  of  stringers  and 
floor-beam  brackets,  strong  enough  to  carry  trolley  traffic,  were  pro- 
vided outside  of  the  trusses.  These  modifications  increased  the  total 
weight  of  the  steelwork  to  18  900  tons. 

4. — General  Arrangement,  Proportions,  and  Cost  of  Arch  Bridge. 

The  Hell  Gate  Bridge,  as  built  (Plate  XXV),  is  a  two-hinged 
spandrel-braced  arch,  carrying  four  tracks.  Its  general  proportions 
were  dictated  partly  by  local  conditions  and  partly  by  the  require- 
ments for  economy  and  rigidity.     The  artistic  outlines  of  the  steel 


HELL  GATE  AECH  BRIDGE 


873 


874  HELL  GATE  ARCH  BRIDGE 

superstructure  are  the  result  of  the  proper  interpretation  of  the 
economic  and  engineering  requirements  of  the  structure. 

Span  Length  and  Rise  of  Arch. — The  span  length  is  1  017  ft.  be- 
tween faces  of  masonry  towers  at  track  level,  995  ft.  If  in.  between 
centers  of  bearings  on  skewbacks,  and  977  ft.  6  in.  between  centers  of 
hinges.  The  length  was  determined  indirectly  by  the  clear  height  of 
135  ft.  above  mean  high  water,  as  prescribed  by  the  War  Department, 
and  which  had  to  be  maintained  for  a  width  of  about  700  ft.  between 
the  established  bulkhead  lines.  The  upper  corners  of  this  clearance 
rectangle  fixed  the  intersection  points  of  the  floor  with  the  bottom 
chord,  and  thus,  in  combination  with  the  chosen  rise  and  form  of  arch, 
fixed  the  location  of  the  abutments.  The  Long  Island  abutment  had 
to  be  placed  so  as  to  clear  the  "boulevard"  which  runs  along  the 
shore  line. 

The  exact  rise  of  the  center  line  of  the  bottom  chord  is  228  ft. 
9^  in.  above  the  centers  of  bearings  on  skewbacks,  and  220  ft.  0  in. 
above  the  centers  of  hinges,  which  gives  a  ratio  of  rise  to  span  length 
of  1:4.5.  This  ratio  is  about  the  most  economical  under  the  given 
conditions.  The  weight  of  an  arch  of  this  type  and  length  varies  inap- 
preciably for  variations  in  rise  between  one-sixth  and  one-fourth  of 
the  span,  the  absolute  minimum  being  probably  nearer  the  lower  value. 
The  greater  rise  in  this  case  secured  greater  economy,  because,  for  the 
given  length  between  the  intersection  points  of  the  lower  chord  and 
the  floor,  a  flatter  arch  would  have  required  a  longer  span  and,  there- 
fore, more  metal  and  more  expensive  abutments  and  foundations. 

Shape  of  Bottom  Chord. — The  panel  points  of  the  bottom  chord 
lie  on  a  parabola,  this  being  the  line  of  equilibrium  of  the  bottom 
chord  as  an  independent  arch  rib,  when  covered  with  a  uniform  load 
over  the  whole  span.  To  approach  this  condition,  as  nearly  as  possible, 
and  thus  secure  for  each  truss  a  massive  arch  rib  expressive  of  great 
strength,  and  transmit  the  loads  in  the  most  direct  way  to  the  abut- 
ments, the  trusses  were  designed  and  erected  to  act  as  three-hinged 
arches  for  the  entire  weight  of  steelwork,  the  joint  at  one  of  the  center 
panel  points  of  the  bottom  chord  acting  as  the  middle  hinge.  This 
arrangement  is  conducive  to  economy  and  rigidity. 

Height  of  Arch  Trusses,  and  Shape  of  Top  Chord. — The  total  height 
of  the  arch  trusses  from  center  of  hinge  to  center  of  top  chord  at  the 
middle  of  the  span  is  260  ft.  2i  in.,  and  the  total  height  of  the  steel 


f^.;-.-:. 


■^^^:^^ 


Fig.   8. — Perspective  View  of  Arch  Design  (1906),  Hell  Gate  Bridge. 
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superstructure  above  mean  high  water  is  305  ft.  The  height  of  the 
trusses  at  the  quarter  points  of  the  span,  where  the  greatest  deflections 
occur,  was  chosen  at  60  ft.,  or  slightly  more  than  one-fourth  of  the  rise 
of  the  bottom  chord.  This  proportion  of  height  to  rise  insures  ample 
rigidity.  Besides,  it  is  sufficient  to  keep  the  maximum  live-load 
stresses  in  the  bottom  chord  approximately  within  the  stresses  from 
live  load  covering  the  whole  span,  and,  therefore,  no  extra  material  is 
required  in  the  bottom  chord  for  the  otherwise  large  stresses  from 
partial  live  load. 

On  the  other  hand,  for  a  greater  proportion  of  height  to  rise  than 
that  chosen,  the  aggregate  weight  of  the  top  chord  and  web  members 
increases,  and  the  weight  of  the  bottom  chord  remains  nearly  constant. 

The  height  of  the  trusses  was  decreased  toward  the  center  to  40  ft. 
21  in.,  or  approximately  one-twenty-fourth  of  the  span  length,  so  as 
to  reduce  the  temperature  stresses,  which  are  greatest  at  the  center. 
The  height  of  140  ft.  at  the  ends  of  the  trusses  was  determined  by  the 
necessity  for  rigid  portals  between  the  end  posts  above  the  track  floor. 
These  assumptions  for  height  resulted  in  the  slightly  reversed  curve 
of  the  top  chord,  which  produces  a  very  pleasing  sky  line. 

Width. — The  width  of  60  ft.  between  centers  of  trusses  resulted 
from  the  required  clear  width  of  53  ft.  for  the  four  tracks  (the  dis- 
tance between  centers  of  tracks  being  13  ft.)  and  an  allowance  of 
7  ft.  for  the  width  of  the  bottom  chord  at  its  intersection  with  the  floor. 
This  width,  being  one-sixteenth  of  the  span  length,  was  sufficient  for 
lateral  stability  and  rigidity,  and  therefore  it  was  not  necessary  to 
spread  the  trusses  or  to  place  them  in  inclined  planes.  To  obtain  great 
lateral  rigidity  of  the  suspended  floor  and  an  economical  floor  wind 
truss,  however,  the  latter  is  made  93  ft.  wide,  its  chords  being  placed 
16J  ft.  outside  of  the  main  trusses  and  carried  by  cantilever  extensions 
of  the  floor-beams. 

Weh  System  and  Panel  Length. — The  web  system  consists  of  a  single 
line  of  verticals  and  diagonals,  the  latter  falling  toward  the  center  of 
the  span,  as  commonly  used  in  arch  bridges  of  this  type.  The  system 
is  simple,  economical,  and  free  from  large  secondary  stresses.  There 
are  twenty-three  equal  panels,  each  42J  ft.  long.  For  a  two-hinged  arch, 
an  odd  number  of  panels  produces  a  better  appearance  than  an  even 
number.  The  panel  length  was  chosen  with  a  view  to  obtain  the  most 
economical  floor  and  trviss  web   system.     The  latter  was  secured  by 
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making  the  average  inclination  of  the  diagonals  about  45°  with  the 
horizontal. 

General  Arrangement  of  Arch  Bracing. — The  transverse  bracing 
between  the  two  trusses  comprises  a  lateral  system  along  the  top  chords, 
a  lateral  system  along  the  bottom  chords,  and  sway-frames  and  portals 
in  the  planes  of  the  first  five  verticals  at  each  end  of  the  span.  Sway- 
frames  between  the  other  truss  verticals  and  between  the  floor  sus- 
penders have  been  omitted  purposely,  as  they  are  not  needed  and  would 
have  to  be  very  heavy  to  resist  the  stresses  from  unequal  deflection  of 
the  two  trusses  under  one-sided  load.  The  top  lateral  truss  is  assumed 
to  transmit  its  reactions  to  the  portals  between  the  end  posts  and 
through  these  and  the  sway-frames  below  the  floor  to  the  bearings. 
The  wind  forces  which  act  along  the  bottom  chords  are  transmitted 
through  the  bottom  lateral  truss  directly  to  the  arch  bearings.  Owing 
to  the  polygonal  shape  of  the  chords,  components  of  the  lateral  stresses 
are  transmitted  into  the  main  trusses  at  each  panel  point,  which, 
although  small,  had  to  be  considered  in  proportioning  the  truss  mem- 
bers. At  the  intersections  of  the  floor  with  the  bottom  chord,  the 
lateral  bracing  between  these  chords  had  to  be  interrupted  to  provide 
the  necessary  head-room  above  the  floor.  Stiff  portals  were  substituted 
for  the  laterals  at  these  points,  and  the  chords  were  proportioned  for 
the  additional  bending  stresses. 

General  Arrangement  of  Floor  System. — The  floor  system  (Plates 
XXVIII  and  XXXII)  comprises  the  following  parts: 

1. — A  floor-beam  at  each  panel  point,  rigidly  framed  into  the  trusses 
at  the  first  four  verticals  at  each  end  of  the  span  and  hung  from  the 
trusses  by  suspenders  in  the  middle  portion  of  the  span. 

2. — Eight  lines  of  railroad  stringers,  6  ft.  6  in.  apart,  framed  into 
the  floor-beams  and  braced  together  in  pairs  for  each  track  by  top  and 
bottom  laterals  and  sway-frames.  Each  pair  carries  a  concrete  trough 
which  supports  the  ballasted  track. 

3. — Four  lines  of  sidewalk  stringers,  one  pair  outside  of  each  track, 
framed  into  cantilever  extensions  of  the  floor-beams.  These  stringers 
support  only  a  light  sidewalk,  but  are  made  strong  enough  to  carry 
the  trolley  line  which  was  contemplated. 

4. — Two  lines  of  lattice  girders,  one  on  each  side  of  the  floor,  placed 
16^  ft.  outside  of  the  center  line  of  the  main  truss,  and  carried  at  the 
end  of  the  floor-beam  extensions.     The  function  of  these  girders  is  to 
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screen  the  floor  system  and  thus  secure  a  more  uniform  and  neat  ap- 
.pearance.  At  the  same  time,  these  girders  act  as  railings,  and  their 
bottom  chords  form  the  chords  of  the  floor  lateral  truss. 

5. — A  floor  lateral  truss  to  resist  the  wind  and  lateral  forces  -which 
act  on  the  trains  and  floor. 

6. — Two  "braking  girders",  one  at  each  intersection  of  the  floor  with 
the  main  trusses.  These  girders  transmit  the  longitudinal  forces  from 
braking  and  traction  from  the  stringers  to  the  main  trusses,  and  thus 
eliminate  serious  horizontal  bending  of  the  floor-beams. 

Provision  for  Expansion  of  Floor. — The  floor  had  to  have  at  least 
one  expansion  joint  at  or  between  its  intersections  with  the  bottom 
chord  (Panel  Points -6,  Plates  XXV  and  XXVIII),  so  as  not  to  be 
strained  by  temperature  changes  or  deformation  of  the  arch  trusses. 

The  expansion  of  the  floor  for  a  change  in  temperature  of  zt  72° 
Fahr.  is  rtr  4.1  in.,  but  this  is  partly  offset  by  an  increase  of  dr  l.G  in. 
in  the  distance  between  Points  6,  due  to  the  temperature  deformation 
of  the  arch  truss,  leaving  a  movement  from  the  normal  position,  of 
zt:  4.1  =F  1.6  =  zt  2.5  in.,  which  had  to  be  provided  for  at  the  expansion 
joint.  The  effect  of  a  maximum  live  load  covering  the  entire  span  is 
to  open  the  joint  by  0.1  in.,  which  is  negligible. 

In  deciding  on  the  location  of  the  expansion  joint,  the  following 
conditions  had  to  be  taken  into  consideration: 

First. — To  secure  the  greatest  lateral  rigidity,  the  floor  lateral  sys- 
tem should  be  such  as  to  cause  the  least  lateral  deflections. 

Second. — To  avoid  large  stresses  in  the  stringers  and  their  connec- 
tions from  the  longitudinal  force,  the  distance  between  the  expansion 
joint  and  the  braking  girder  should  be  as  small  as  possible. 

Third. — The  floor  suspenders  should  be  subject  to  the  least  possible 
bending  in  the  plane  of  the  truss  from  the  expansion  of  the  floor. 

To  meet  all  these  conditions,  the  expansion  joint  was  pjaced  at 
Panel  Point  12,  six  panels  from  the  Wards  Island  end.  At  the  cor- 
responding Point  12  on  the  Long  Island  side,  the  floor  laterals  are 
rigidly  connected  at  the  center  of  the  floor-beam,  but  the  wind  chords 
are  cut,  so  as  to  secure  hinge  action  of  the  floor-lateral  truss.  The 
latter,  therefore,  forms  a  three-span  cantilever  truss  with  a  suspended 
span  between  Points  12,  Cantilever  Arms  12 — G,  and  Anchor  Arms 
G— 0. 
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The  suspended  span  delivers  its  reactions  to  the  cantilever  arms  by 
a  fixed  connection  of  the  diagonals  at  the  center  of  Floor-beam  12 
(Long  Island  side)  and  a  sliding  bearing  at  the  center  of  Floor-beam 
12  (Wards  Island  side).  The  reactions  at  Points  6  are  transmitted 
to  the  bottom  cliord  lateral  system  and,  through  this,  to  the  arch  bear- 
ings. The  reactions  of  the  floor-lateral  truss  at  the  ends  are  trans- 
mitted to  •  the  sway-frames  between  the  end  posts  and,  through  these, 
to  the  bearings. 

The  longitudinal  force  from  Part  0 — 12  (Wards  Island  side)  is 
transmitted  to  the  braking  girder  at  6  (Wards  Island  side),  and  the 
force  from  Part  12  (Wards  Island  side)  to  0  (Long  Island  side)  is 
transmitted  to  the  braking  girder  at  6  (Long  Island  side).  The  stringer 
connections  to  the  floor-beams  are  made  strong  enough  to  resist  safely 
the  longitudinal  force  in  addition  to  the  vertical  shear. 

Cost. — The  Hell  Gate  Bridge  contains  approximately  110  000  cu. 
yd.  of  masonry  in  the  towers  and  foundations  and  19  400  tons  of  steel 
in  the  steel  superstructure.  (Detailed  quantities  are  given  under  the 
respective  headings.) 

The  cost  of  construction  is  approximately  as  follows : 

Towers  and  foundations $1  700  000 

Steel  superstructure ;fji5c5(*.I'  •  •  •  •   1  ^^0  000 

Concrete  flooring  and  tracks 100  000 

Total $3  700  000 

5. — Masonry  Towers  and  Foundations. 

The  massive  masonry  towers  which  flank  the  steel  arch  greatly  en- 
hance the  appearance  of  the  bridge  and  give  it  its  monumental  char- 
acter. They  also  give  expression  to  the  solidity  of  the  abutments  to 
resist  the  great  thrust  of  the  arch.  Without  tlie  towers,  the  statically 
trained  eye  would  want  that  expression  of  stability,  because  of  the  com- 
parative flatness  of  the  shores. 

This  static  requirement,  however,  is  not  merely  an  apparent  one. 
Preliminary  wash-borings  indicated  that  the  foundations  had  to  go  to 
considerable  depth,  at  least  on  the  Wards  Island  side.  There  having 
been  doubt  as  to  the  reliability  of  the  wash-borings,  the  depth  of  rock 
was  established  later  by  core-borings  at  from  55  to  140  ft.  below  mean 
high  water  line.     To  restrict  the  size  of  the  foundation  to  a  minimum, 


PLATE  XXVI. 

TRANS.  AM.  SOC.  CIV.  ENQR8. 

VOL.  LXXXII,  No.  1417. 

AMMANN  ON 

HELL  GATE  BRIDGE. 


.IVXX  3TAjq 


.aooiHa  iTA3  J 


HELL  GATE  ARCH  BRIDGE  883 

it  was  necessary  to  provide  above  the  ground  a  mass  of  masonry,  the 
weight  of  which,  combined  with  the  inclined  reaction  of  the  arch, 
would  give  a  steep  resultant,  passing  well  within  the  middle  third  of 
the  foimdation  area,  so  that  the  edge  pressure  could  be  kept  within 
permissible  limits. 

To  be  expressive  of  their  purpose,  the  towers  were  designed  archi- 
tecturally as  massive  masonry  blocks  with  simple  outlines  and  plain 
structural  ornamentation  (Fig.  10).  In  working  out  the  architectural 
form  and  details  of  the  towers,  Mr.  Lindenthal  had  the  valuable  as- 
sistance and  advice  of  Mr.  Henry  Hornbostel  as  Consulting  Architect. 

Towers  jihove  Foundations. — Plate  XXVI  shows  the  type  of  con- 
struction of  the  towers  above  the  foundations.  The  dimensions  of  the 
towers  are  103  by  139  ft.  at  the  ground  level  and  diminish  along  para- 
bolic lines  to  61  by  105  ft.  at  the  top.  The  total  height  above  ground 
is  220  ft.,  and  the  extreme  height  above  bottom  of  foundation  is  345  ft. 
Each  tower  has  a  solid  base,  which  acts  as  an  abutment  for  the  arch 
bearings  and  distributes  the  pressure  over  the  foundations.  On  the 
Long  Island  side,  the  base,  with  the  foundation  course,  forms  a  mono- 
lithic slab,  140  by  104  ft.,  with  an  average  thickness  of  49  ft.,  and  rests 
on  gneiss  bed-rock,  which  was  encountered  at  from  15  to  38  ft.  below 
the  surface,  and  was  reached  by  open  excavation.  The  maximum 
foundation  pressure  is  8J  tons  per  sq.  ft.  On  the  Wards  Island  side, 
the  base  is  140  by  119  ft.  and  40  ft.  thick,  and  rests  on  the  caisson 
foundation  described  subsequently. 

Above  this  base,  and  up  to  the  track  floor,  the  towers  are  of  hollow 
cellular  construction,  consisting  of  the  four  exterior  walls  and  three 
interior  walls  parallel  to  the  tracks.  Above  the  track  floor,  the  trans- 
verse walls  are  pierced  by  a  main  arch  over  the  four  tracks,  and  two 
smaller  side  arches  over  the  footwalks.  The  longitudinal  walls  have 
also  an  arch  opening  for  architectural  reasons.  The  towers  are  topped 
by  a  flat  roof  surrounded  by  an  ornamental  balustrade.  Stairs  lead 
from  an  entrance  at  the  ground  level  through  the  base  and  interior 
vaults  to  the  track  floor  and  roof,  and  also  to  the  ends  of  the  top 
chords  of  the  steel  arch.  The  towers  are  of  concrete  with  granite  fac- 
ing. The  concrete  is  well  reinforced  with  vertical  and  horizontal  steel 
rods  in  order  to  prevent  temperature  and  shrinkage  cracks.  The  track 
floor  and  roof  are  heavily  reinforced  with  steel  girders.     The  Snare  and 
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Triest  Company  was  the  contractor  for  the  towers  above  the  bases,  and 
the  Ryan  Construction  Corporation  for  the  bases. 

Wards  Island  Tower  Foundation. — On  the  Wards  Island  side,  the 
tower  base  rests  on  twenty-one  concrete  caissons,  all  sunk  by  the  pneu- 
matic process  to  depths  varying  from  37  to  107  ft.  below  mean  high 
water,  which  is  20  ft.  below  the  ground  surface.  (Plate  XXVII.)  The 
caissons  are  arranged  in  five  rows  parallel  to  the  axis  of  the  bridge. 
Each  outer  row  and  the  middle  one  consists  of  five  cylindrical  caissons, 
18  ft.  in  diameter,  which  are  calculated  to  carry  only  vertical  pressure. 
Each  of  the  two  other  rows  consists  of  three  rectangular  caissons,  30 
by  41  ft.,  which  are  interlocked  by  concrete  keys  extending  nearly  the 
full  depth  of  the  caissons.  These  two  rows  of  caissons  thus  form  two 
rectangular  blocks,  30  by  125  ft.,  which  are  calculated  to  resist  entirely 
the  horizontal  pressure  from  the  arch.  They  exert  a  maximum  edge 
pressure  on  the  rock  foundation  of  20  tons  per  sq.  ft.,  if  skin  friction 
and  buoyancy  are  neglected.  The  space  for  the  keys  was  excavated  and 
filled  with  concrete,  partly  with  and  partly  without  the  use  of  air  pres- 
sure, after  the  caissons  had  been  sunk  to  their  final  depth. 

The  dissection  of  the  foundation  into  twenty-one  individual  caissons 
was  advisable  on  account  of  the  large  size  of  the  tower  base  and  the 
greatly  varying  depth  to  solid  rock.  The  formation  of  the  bed-rock 
below  Wards  Island  is  very  peculiar.  One  of  the  lines  of  cleavage 
between  the  dolomitic  limestone  formation  and  the  gneiss  rock  which 
run  parallel  with  the  East  River,  appears  to  pass  right  under  the  Wards 
Island  tower.  About  45%  of  the  foundation  on  the  river  side  is  on 
limestone  and  about  25%  on  the  land  side  is  on  gneiss.  Between  these 
two  rock  formations  there  is  a  crevasse  of  unknown  depth  and  of  from 
15  to  60  ft.  width.  Its  sides  are  almost  vertical,  corresponding  to  the 
vertical  stratification  of  the  rock.  The  crevasse  is  filled  mostly  with 
red  clay  and  some  boulders.  The  clay  is  practically  impervious  to 
water,  which  is  shown  by  the  fact  that  the  excavation  was  in  part  car- 
ried on  with  an  air  pressure  of  only  18  lb.  at  a  depth  of  100  ft.  below 
water  level,  and,  for  some  caissons,  to  18  ft.  below  the  cutting  edge. 
In  its  natural  state,  the  clay  is  very  hard  and  has  a  high  bearing 
capacity,  but,  in  water,  it  dissolves  readily. 

Three  of  the  fifteen  cylinder  caissons  rest  entirely  on  this  clay,  at 
depths  of  from  94  to  123  ft.  below  the  surface,  where  there  is  no  danger 
of    disturbance.      Under    the   rectangular    caissons,   the    crevasse    was 


Fig.   10. — Long  Island  Tower  of  Het.l  Gate  Bridge. 
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bridged  over  by  a  concrete  arch  which  was  built  at  considerable 
risk  below  the  cutting  edge  of  the  caissons.  For  this  purpose,  the 
caissons  were  supported  temporarily  by  pilasters  of  rubble  masonry 
built  down  to  the  intrados  of  the  arch  previous  to  the  excavation  for 
the  latter  (Plate  XXVII).  All  caissons  are  of  1:2:4  concrete,  well 
reinforced  horizontally  and  vertically  with  steel  rods.  Details  of  the 
working  chambers  and  cutting  edge  are  shown  in  Fig.  11. 

Owing  to  the  txnusual  and  difficult  character  of  the  Wards  Island 
foundation,  the  Company  decided  to  do  the  work  with  its  own  forces, 
under  the  direction  of  the  Chief  Engineer.  P.  G.  Brown,  M.  Am.  Soc. 
C.  E.,  as  Managing  Engineer,  was  in  immediate  charge  of  this  work. 

Quantities. — The  two  towers  contain  approximately  110  000  cu.  yd. 
of  masonry,  of  which  28  000  cu.  yd.  are  in  the  "Wards  Island  foundation. 
The  principal  quantities  are: 

Concrete   (1:2:4  and  1 :  2^ :  5) 99  000  cu.  yd. 

Granite    11  000  cu.  yd. 

Steel  reinforcement   1  000  tons 

Structural    steel    500  tons 

6. — Details   of   Design,  and   Weight   of    Steel    Superstructure   of 
Hell  Gate  Bridge. 

The  details  of  design  of  the  steel  superstructure  have  been  worked 
out  to  conform  primarily  to  the  requirements  for  strength  and  rigidity 
and  next  for  neat  appearance,  without  extra  expense  for  structural 
ornamentation.  Stress  sheets  and  complete  detailed  plans  were  pre- 
pared by  the  Consulting  Engineer,  on  which  the  Contractor  was 
required  to  base  his  working  drawings,  and  he  was  therein  given 
opportunity  to  utilize  his  experience  in  fabrication,  erection,  special 
devices,  and  working  methods.  This  is  the  proper  procedure  in  the 
case  of  a  large  bridge  in  which  many  details  are  of  unusual  dimen- 
sions and  composition. 

Sections  of  Truss  Memhers. — The  make-up  of  the  sections  of  the 
truss  members  was  largely  governed  by  the  necessity  for  riveted  con- 
nections. Pin  connections  were  not  considered.  They  are  objection- 
able in  members  subject  to  reversal  of  stress,  as  they  impair  the 
rigidity  and  durability  of  the  bridge.  Because  of  the  riveted  con- 
nections, the  number  of  webs  of  all  members  was  limited  to  two.  Fig. 
12  shows  the  typical  sections  of  the  various  truss  members. 
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Bottom  Chord  Section. — The  bottom  chord  has  a  closed  double- 
box  section,  consisting  of  two  vertical  webs,  top  and  bottom  covers, 
and  a  solid  horizontal  diaphragm  along  the  center  line  of  the  chord. 
The  effective  gross  a.rea  varies  from  929  sq.  in.  at  the  crown  to  1  392 
sq.  in.  at  the  bearings.  With  the  exception  of  the  bottom  chord  of 
the  new  Quebec  Bridge,  of  1  800  ft.  span,  which  has  a  maximum  section 
of  1  902  sq.  in.,  the  Hell  Gate  Bridge  has  the  largest  chord  section  so 
far  built.     The  width  of  the  chord  is  6  ft.  6J  in.  throughout. 

The  depth,  from  out  to  out  of  covers,  increases  gradually  from  7  ft. 
0\  in.  at  the  crown  to  a  maximum  of  10  ft.  9|  in.  at  the  bearings,  the 
greatest  depth  over  all  being  11  ft.  4i  in.  In  that  way  the  thickness 
of  web  was  kept  uniform,  and  the  bottom  chord,  as  the  carrying  mem- 
ber, was  given  an  expression  of  strength  which  is  very  satisfactory 
from  an  architectural  point  of  view.  The  depth  of  the  chord  at  the 
bearings  was  made  as  large  as  transportation  from  shop  to  site  would 
permit,  and,  even  then,  special  low  cars  were  required. 

Each  web-plate  between  two  jianel  points  had  to  be  made  up  of 
four  pieces,  shop-spliced  longitudinally  along  the  center  line  of  the 
member  and  vertically  at  the  center  of  the  panel.  To  prevent  dis- 
tortion, each  chord  member  is  stiffened  by  five  pairs  of  transverse 
diaphragms. 

The  section  of  the  bottom  chord,  as  previously  described,  marks 
a  radical  departure  from  usual  practice.  For  effectiveness  to  resist 
buckling,  the  circular-tube  section,  as  used  in  the  Forth  Bridge,  is 
theoretically  the  best,  but  its  fabrication  is  too  costly  for  American 
practice.  The  rectangular  closed -box  section,  if  properly  stiffened, 
is  superior  to  sections  made  up  of  two  or  more  webs  connected  by 
latticing  and  tie-plates,  but  it  is  adapted  only  to  heavy  chords  or  posts 
of  large  bridges,  for  which  it  can  be  made  of  sufficient  dimensions  to 
allow  access  to  the  inside  for  the  purpose  of  riveting,  inspection,  and 
painting. 

A  further  unusual  feature  of  these  chords  is  that  their  main  webs, 
and  the  web  of  the  center  diaphragm,  are  single  plates  of  the  extraor- 
dinary thickness  of  2  in. 

Large  compression  members  are  undoubtedly  stronger  when  made 
up  of  single  thick  plates  than  of  several  thin  plates  tack-riveted 
together;  besides,  many  rivets  are  saved  by  using  single  thick  plates. 
It   is   frequently  maintained  that   better  material   is   obtained  in  the 
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thinner  than  in  the  thicker  plates.  This  was  not  substantiated  by 
t]ie  great  number  of  specimen  tests  made  for  the  Hell  Gate  Bridge 
from  material  varying  from  i  in.  to  2  in.  in  thickness.  In  general, 
the  tliick  material  showed  as  high  elastic  properties  and  ultimate 
strength  as  the  thinner  material  rolled  from  the  same  heat. 

The  tests*  made  by  the  Society's  Special  Committee  on  Steel 
Columns  and  Struts  show  a  marked  falling  off  in  the  compressive 
strength  of  heavy  columns  in  comparison  with  light  columns  of 
approximately  the  same  outside  dimensions.  It  would  be  wrong,  how- 
ever, to  conclude  that  this  is  due  to  the  thicker  metal  in  the  heavy 
columns.  It  would  seem  to  be  due  rather  to  the  less  eiEcient  distribu- 
tion of  metal  in  the  heavier  columns.  If  the  heavy  columns  had  been 
built  up  of  several  thin  plates,  tack-riveted  together,  their  compres- 
sive strength  would  probably  have  been  even  less.  Comparative  tests, 
to  throw  light  on  this  question,  would  be  highly  desirable. 

Top  Chord  and  Weh  Members. — The  top  chord  and  web  members 
have  a  rectangular  box  section  with  two  solid  webs  parallel  to  the 
plane  of  the  truss.  The  top  chord  and  end  posts  are  properly  provided 
also  with  a  solid  cover.  All  open  sides  have  stifF-angle  latticing 
(Plates  XXIX  and  XXX).  The  section  of  the  top  chord  ranges  from 
315  to  386  sq.  in.,  and  has  a  uniform  depth  of  4  ft.,  except  in  the  end 
panel,  where,  for  better  appearance,  and  to  allow  sufficient  height  for 
entrance  at  the  tower,  the  chord  tapers  to  5^  ft.  From  the  end  a 
stair  leads  through  the  chord  to  its  top,  along  which  two  light  hand- 
rails are  provided. 

The  sections  of  the  web  members  increase  from  126  sq.  in.  at  the 
crown  to  315  sq.  in.  at  the  end,  and  the  depth  increases  correspond- 
ingly from  42  to  60  in.  A  good  section  for  compression  members  of 
moderate  area  is  that  of  the  two  vertical  posts,  2-3  and  4-5,  below  the 
floor,  each  flange  consisting  of  two  angles.  The  latticing  connects 
only  to  the  inside  angle,  but  its  stresses  are  transmitted  to  both  angles 
through  short  tie-plates  placed  across  the  two  angles  (Plate  XXX). 

Floor  Suspenders. — The  suspenders,  which  carry  the  floor  between 
its  intersections  with  the  trusses,  have  an  I-section  with  a  single  web, 
48  in.  wide,  placed  at  right  angles  to  the  plane  of  the  truss.  For 
appearance,  and  to  prevent  large  bending  stresses  in  the  suspenders, 
due  to  the  longitudinal  expansion  and  contraction  of  the  floor,  they 

*  Proceedings,  Am.   Soc.  C.   E.,   for  December,   1917. 
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were  purposely  made  slender  in  elevation.  To  prevent  bending  stresses 
in  the  suspenders,  due  to  the  vertical  deflection  of  the  floor-beams 
and  the  horizontal  deflection  of  the  floor-lateral  truss,  the  suspenders 
are  connected  to  the  floor-beams  at  the  bottom  and  to  the  trusses  at 
the  top  with  16-in.  pins  placed  parallel  to  the  plane  of  the  truss  (Plate 
XXX). 

Latticing  of  Truss  Members. — Since  the  failure  of  the  Quebec 
Bridge  in  1907,  increased  attention  has  been  given  to  the  latticing  of 
compression  members,  which  has  led  to  marked  improvement  in  this 
respect.  Numerous  tests,  and  a  number  of  failures  that  have  occurred 
since,  have  given  further  proof  that  inadequate  latticing  greatly  re- 
duces the  buckling  strength  of  compression  members.  It  is  now 
generally  recognized  that  the  latticing  has  a  distinct  static  function, 
and  bears  a  certain  relation  to  the  dimensions,  shape,  and  area  of 
section  of  the  member. 

The  following  simple  and  easily  remembered  rule  was  applied  in 
proportioning  the  latticing  in  the  Hell  Gate  Bridge  and  Approaches: 

"The  latticing  and  its  connections  shall  be  designed  to  resist  at 
any  section  at  right  angles  to  the  axis  of  the  member  a  shearing  force, 
in  pounds,  at  least  equal  to  300  times  the  gross  area  of  the  member, 
in  square  inches." 

Stiif-angle  latticing  was  used  throughout,  with  a  minimum  thick- 
ness of  ^  in.,  and  at  least  two  rivets  for  each  angle.  Flat  lattice  bars 
in  heavy  compression  members  are  objectionable,  as  they  have  little 
resistance  against  compression.  They  are  easily  bent  in  handling  the 
members,  and,  even  if  subsequently  straightened,  as  is  a  too  common 
practice,  they  constitute  a  permanent  defect  in  a  bridge. 

Special  attention  was  given  to  uniformity  and  the  neat  appearance 
of  the  latticing.  Main  truss  members,  as  well  as  laterals,  have  double 
lattice  angles,  with  an  inclination  of  about  45°  to  the  axis  of  the 
member.  One  of  each  pair  of  lattice  angles  is  spliced  at  the  inter- 
section by  a  square  plate  (Plates  XXIX  and  XXX).  All  latticing 
is  placed  inside  the  flange  angles.  The  tie-plates  are  as  near  as  prac- 
ticable to  the  end  of  the  member,  in  any  case,  well  within  the  edge  of 
the  gusset-plate,  and  all  cover-plates  of  the  bottom  chord  are  continuous 
across  the  panel  point,  being  notched  out  for  the  gusset-plates.  This 
is  an  important  improvement  over  the  very  common  practice  of  stop- 
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ping  tie-plates  or  cover-plates  outside  of  the  gusset,  thus  leaving  the 
flange  of  the  member  unsupported  for  a  considerable  length. 

Riveted  Connections  and  S-plices  of  Tniss  Memhers. — As  yet,  little 
is  known  about  the  correct  distribution  of  stresses  in  a  riveted  con- 
nection. In  proportioning,  the  favorable  assumption  of  uniform  dis- 
tribution of  stresses  among  all  rivets  of  a  connection  is  made,  and  the 
secondary  stresses  in  the  rivets  caused  by  the  stiffness  of  the  connec- 
tions is  generally  disregarded,  on  the  assumption  that  they  are  fully 
covered  by  the  margin  of  safety  of  the  main  stresses.  In  view  of  the 
unusually  large  connections  and  splices  in  the  main  trusses  of  the  Hell 
Gate  Bridge,  it  was  important  to  guard  against  local  over-stressing. 

The  following  requirements,  as  quoted  from  the  "Rules  of  Design," 
governed  the  detailing  of  the  connections  and  splices: 

"The  strength  of  connections  shall  be  sufficient  to  develop  the  full 
strength  of  the  member,  even  though  the  computed  stress  is  less,  the 
kind  of  stress  to  which  the  member  is  subjected  being  considered. 

"Truss  members  with  alternating  axial  stresses  caused  by  live  load 
(including  impact)  shall  be  proportioned  for  the  stress  requiring  the 
larger  sections.  The  connections  and  splices  shall  be  proportioned 
for  the  larger  stress  plus  50%  of  the  smaller  stress  of  opposite  sign. 

"All  joints  in  riveted  work,  whether  in  tension  or  compression,  shall 
be  fully  spliced,  except  when  differently  noted  on  drawings. 

"Rivets  carrying  calculated  stress,  and  having  a  grip  which  exceeds 
four  diameters,  shall  be  increased  in  number  1%  for  each  additional 
i  in.  of  grip. 

"Where  splice-plates  are  not  in  direct  contact  with  the  parts  which 
they  connect,  the  number  of  rivets  on  each  side  of  the  joint  shall  be 
increased  over  the  number  theoretically  required  to  the  extent'of  one- 
tliird  of  the  ntmiber  for  each  intervening  plate. 

"Rivets  carrying  strain  and  passing  through  fillers  shall  be  in- 
creased 100%  in  number,  if  the  thickness  of  the  filler  is  equal  to  the 
diameter  of  the  rivet,  the  increase  in  number  being  proportionately 
more  or  less  as  the  filler  shall  be  more  or  less  thick  than  the  diameter 
of  the  rivet."  ' 

The  further  rule  was  observed  to  connect,  or  splice,  each  individual 
part  of  the  section  of  a  member  as  directly  as  possible,  so  as  to  avoid 
the  transfer  of  stresses  through  other  parts.  Typical  connections  are 
shown  in  Figs.  13,  14,  15,  and  16. 

The  connections  at  each  panel  point  are  made  with  two  gusset- 
plates,  1  in.  thick  in  the  middle  panels  and  If  in.  in  the  panels  nearer 
the  ends.     The  largest  of  these  are  120  by  If  in.  by  17  ft.  6  in.  and 
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126  by  If  in.  by  14  ft.  6  in.,  and  mark  the  limits  of  present  rolling 
mill  capacities. 

The  general  scheme  in  detailing  the  connections  of  the  web  mem- 
bers to  the  gussets  was  as  follows :  The  web-plate  of  the  member  is  in 
the  same  plane  and  has  the  same  thickness  as  the  gusset-plate.  It  is 
cut  off  at  the  edge  of  the  gusset  and  spliced  to  the  latter  by  a  splice- 
plate  on  each  side.  The  flange  angles,  however,  extend  as  far  as  pos- 
sible over  the  gusset,  their  outstanding  flanges  being  connected  by  lug- 
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angles.  This  type  of  connection  *is  efficient  and  economical,  as  most 
of  the  rivets  are  in  double  shear,  and  the  size  of  the  gusset  is  reduced 
to  a  minimum.  On  account  of  the  re-entrant  joints,  this  connection 
caused  some  inconvenience  in  erection,  but  no  serious  difficulties  were 
encountered.  The  splice-plates  were  shop-riveted  to  the  member,  but, 
to  allow  them  to  spring  slightly  in  entering  the  member,  the  two  rows 
of  rivets  nearest  the  edge  of  the  gusset-plate  were  left  for  field  driving. 
The  top  and  bottom  chords  have  a  butt  joint  at  every  panel  point 
on  the  intersection  of  the  axes  of  the  truss  members.     The  connection 
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to  the  gusset  is  similar  to  the  one  described  for  the  web  members, 
except  that  the  web  is  placed  alongside  of  the  gusset,  and  as  all  such 
parts  of  the  section  which  are  not  in  the  plane  of  the  gusset  extend 
to  the  joint.  Splice-plates  are  placed  on  each  side  of  the  web  and  on 
both  sides  of  the  flange  material.  Thus,  again,  most  rivets  are  in 
double  shear,  and  the  gusset  is  utilized  as  a  splice-plate. 

The  top  chords  have  full  bearing  at  the  joint  and,  in  addition,  are 
fully  spliced  as  regards  area,  section  modulus,  and  value  of  the  con- 
necting rivets.  This  was  necessitated  at  a  few  joints  on  account  of 
tension  stresses.  However,  it  also  conforms  to  the  best  modern  practice 
of  splicing  compression  members  fully,  and  not  relying  on  their  bearing 
at  the  joint.  A  splice  is  not  only  subject  to  the  direct  compression 
stresses,  but  also  to  bending  stresses,  due  to  the  function  of  the  chord 
as  a  continuous  coliman  and  to  the  sec- 
ondary bending  moments  caused  by  the 
rigidity  of  the  connections.  Moreover,  ex- 
perience has  shown  that,  unless  the  chords 
are  very  carefully  assembled  at  the  shop, 
no  reliance  can  be  placed  on  getting  per- 
fect bearing  at  the  joints. 

Joints    in    Bottom    Chords. — An    un- 
usual type  of  joint  was  adopted  for  the 

bottom  chord.    The  end  of  one  of  the  chord  joint  of  bottom  chord 

members   meeting    at   a   joint   was   faced  ^o-  i"^- 

to  a  perfect  plane,  and  that  of  the  other  member  was  faced  to  thi'ee 
planes,  as  shown  exaggerated  in  Fig.  17,  so  that,  when  adjoining 
chord  members  were  assembled,  the  joint  was  tight  only  over  the 
middle  third  of  the  depth  of  the  chord,  and  each  outer  third  formed 
a  wedge-shaped  opening  \  in.  wide.  These  openings  gradually  closed 
during  erection  as  the  stress  increased  and  as  the  assembling  bolts  and 
drift-pins  were  gradually  replaced  by  rivets. 

The  purpose  of  this  joint  was  to  concentrate  the  bearing  pressure 
over  the  middle  part  of  the  joint,  and  thus  avoid  dangerous  edge 
pressures.  Experience  with  other  large  bridges  fully  justified  this 
precaution,  especially  on  account  of  the  unusual  width  of  these  chords. 
The  fact,  however,  that  the  chords  were  planed  with  an  accurate, 
specially  built,  planing  machine,  and  were  assembled  carefully  at  the 
shop,  accounts  for  the  accuracy  with  which  they  fitted  together  in  the 
field. 
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The  outer  thirds  of  the  joints  are  spliced  100% ;  the  middle  third 
is  spliced  only  about  50  per  cent.  The  aggregate  area  of  the  splicing 
material  of  the  whole  joint  is  between  YO  and  80%  of  the  effective 
area  of  the  chord,  but  its  section  modulus  is  nearly  equal  to  that  of 
the  main  section.  Counting  in  the  bearing  area  of  the  middle  third 
of  the  main  section,  the  total  resisting  area  at  the  joint  is  from  110 
to  120%  of  the  chord  section. 

Size  of  Rivets. — In  conformity  with  the  great  size  and  thickness 
of  the  individual  partg  making  up  the  members,  and  to  reduce  the 
size  of  the  gusset-plates  and  splice  material  to  a  minimum,  it  was 
necessary  to  use  rivets  of  the  largest  practicable  size.  Accordingly, 
1^-in.  rivets  were  chosen  for  the  bottom  chords  throughout,  and  for 
the  field  connections  of  all  other  truss  members.  These  rivets  have 
grips  up  to  91  in.  All  other  rivets  in  the  top  chords,  web  members, 
floor-beams,  track  stringers,  and  in  the  heavier  laterals  are  1  in.  in 
diameter.     The  rest  are  |  in.  and  less. 

Lateral  and  Sway  Bracing  Between  Trusses. — Each  panel  of  the 
top  and  bottom  lateral  truss  has  two  intersecting  rigid  diagonals, 
designed  to  resist  both  tension  a'nd  compression  (Plate  XXIX).  There 
are  no  transverse  struts,  except  at  the  panel  points  near  each  end, 
where  they  form  the  top  and  bottom  struts  of  the  sway-frames  or 
portals.  This  lateral  system  is  more  rigid  and  economical  than  one 
with  struts  and  slender  diagonals  designed  to  resist  tension  only. 
All  sway-frames  have  single  intersection  diagonals.  All  laterals  and 
members  of  the  sway-frames  have  a  box  section,  with  two  or  three 
solid  webs,  or,  in  the  case  of  the  bottom  laterals  in  the  three  end 
panels,  one  solid  middle  diaphragm.  All  open  sides  have  stiff  angle 
latticing. 

All  solid  web-plates  are  in  planes  parallel  to  the  plane  of  the  lateral 
truss  or  frame  to  which  they  belong,  so  that  the  laterals  can  resist 
effectively  the  secondary  moments  and  shears  due  to  the  distortion  of 
the  lateral  truss.  This  principle  is  well  recognized  in  the  design  of 
main  trusses,  and  is  equally  applicable  to  the  design  of  bracing  in 
large  bridges. 

Laterals  are  commonly  proportioned  to  resist  the  stresses  from  wind 
and  other  lateral  forces.  The  fact  is  generally  overlooked  that  the 
lateral  system  between  compression  chords  bears  to  these  chords  the 
same  relation  as  the  latticing  to  the  different  ribs  making  up  a  com- 


900  HELL  GATE  ARCH  BRIDGE 

pression  member.  It  forms  with  the  chords  a  column,  which  must  be 
strong  enough  to  resist  lateral  buckling  as  a  whole,  and  it  is  evident 
that  inadequate  laterals  may  impair  considerably  the  strength  of  the 
bridge  as  a  whole. 

A  simple  approximate  rule,  similar  to  that  mentioned  for  the  pro- 
portioning of  the  latticing,  can  be  applied  to  the  lateral  system,  as 
follows : 

If  a  is  the  aggregate  gross'  section  of  the  compression  chords  of 
all  trusses,  in  square  inches  (if  the  chord  seqtion  varies,  an  average 
value  may  be  taken),  the  transverse  shearing  force  for  which  the 
laterals  in  any  panel  and  their  connections  should  be  designed  is, 
approximately,  in  pounds,  ^S'  =  400  a,  330  a,  and  300  a,  if  the  lateral 
system  connects  two,  three,  or  four  trusses,  respectively. 

It  is  not  necessary  to  combine  this  force  with  the  shear  from  the 
assiimed  wind  or  other  lateral  forces,  biit  the  laterals  and  their  con- 
nections should  be  strong  enough  to  resist  either.  This  prevents  the 
laterals  from  being  made  too  light  where  the  wind  stress  is  small. 

Arch  Beanngs. — The  four  arch  bearings  are  of  cast  steel  (Fig.  13). 
Each  bearing  has  to  transmit  to  the  granite  skewbacks  a  total  reaction 
of  30  262  000  lb.,  or  700  lb.  per  sq.  in.  on  a  bearing  area  17  ft.  6  in. 
square.  The  upper  shoe,  which  is  bolted  to  the  end  of  the  bottom 
chord,  consists  of  two  castings,  each  weighing  30  tons.  The  lower 
face  of  this  shoe  is  perfectly  plane,  and  bears  against  the  convex 
cylindrical  surface  of  the  lower  shoe.  This  type  of  bearing  produces 
a  rocking  motion  w^ith  little  friction  under  the  deformation  of  the 
arch. 

The  radius  of  the  cylindrical  surface  is  r  =  1  150  in.  The  maxi- 
mum angular  motion  under  live  load  is  approximately  1°  30'  up  or 
down,   which  produces   an   eccentricity  of  only   2.5   in.      The  pressure 

80  274  000 

per   linear   inch    of    line  of   contact  is  ji  =  — — —  201  000   lb. 

11  ( I 

Owing  to   the   elasticity    of    the  metal,  the    contact   is   actually  over  a 

IP  r 
rectangular  area,  the  Avidth  of  which  is  approximately  h  =  .     ---  =  9.5  in., 

wherein  E  is  the  modulus  of  elasticity  of  the  material. 

The  pressure  per  square  inch  increases  from  zero,  at  the  edge  of 

this  area,  to  a  maximum  of  s  =   0.42      I  Pj^  =  34  500  lb.  per  sq.  in., 
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at  the  center  of  the  bearing.  The  average  pressure  is  27  500  lb.  per 
sq.  in.,  which  is  safe. 

The  maximum  tangential  force  is  3  570  000  lb.,  or  12%  of  the  nor- 
mal pressure,  and  is  easily  resisted  by  the  friction.  However,  to  pre- 
vent displacement  of  the  upper  shoe,  four  steel  dowels,  5^  in.  in 
diameter,  are  set  into  the  lower  shoe  and  engage  holes  in  the  upper 
shoe. 

The  lower  shoe  consists  of  eleven  castings,  arranged  in  three  tiers, 
in  which  the  joints  between  the  individual  castings  are  placed  alter- 
nately parallel  and  at  right  angles  to  the  plane  of  the  truss,  so  as  to 
insure  proper  distribution  of  the  pressure.  A  1-in.  steel  plate  is  placed 
between  the  lower  shoe  and  the  masonry.  Sixteen  anchor-bolts,  2^  in. 
in  diameter  and  10  ft.  long,  secure  the  lower  shoe  to  the  masonry. 

The  total  weight  of  one  complete  bearing  is  248  tons.  For  better 
appearance,  the  whole  bearing  is  enclosed  in  a  steel  hood,  which  pro- 
duces the  effect  of  a  massive  pedestal.  No  mortar  or  other  bed  was 
used  between  the  base  plate  and  the  masonry.  The  skewbacks  were 
carefully  dressed  to  a  perfect  plane  on  which  dry  cement  powder  was 
evenly  distribvited,  before  the  base  plate  was  placed,  so  as  to  fill  out 
any  unevenness.  The  holes  for  the  anchor-bolts  were  drilled  to  a 
template  after  the  exact  location  of  the  bearings  had  been  fixed. 

The  failure  of  the  suspended  span  of  the  Quebec  Bridge,  during 
its  erection  in  1916,  which  is  ascribed  to  the  breaking  of  one  of  the 
cast-steel  bearings,  has  brought  to  the  foreground  the  question  as  to 
Vv'hether  cast  steel  is  a  suitable  material  for  bridge  construction. 

Cast  steel  for  bearings  has  the  advantage  that  it  can  be  built  into 
forms  and  thicknesses  for  which  riveted  work  is  impracticable.  Large 
steel  castings,  however,  are  difficult  to  make.  Experience  has  shown 
that  unless  great  care  is  taken  in  casting  the  metal,  internal  defects 
may  develop,  which  are  difficult  to  detect.  Further,  unless  properly 
annealed,  as  soon  as  the  cores  are  removed,  or  after  any  subsequent 
local  heating,  internal  stresses  will  remain  in  the  casting,  and  may  be 
large  enough  to  cause  breakage  under  slight  shock.  This  applies 
particularly  to  complicated  castings,  or  castings  in  which  the  metal 
varies  considerably  in  thickness  and,  therefore,  does  not  cool  uniformly. 

Simplicity  and  uniform  thickness,  therefore,  should  be  the  aim  in 
designing  the  castings.  Provision  should  also  be  made  to  insure  quick 
removal  of  the  cores;  otherwise,  their  resistance  to  the  free  shrinkage 
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of  the  metal,  while  it  cools,  may  cause  serious  stresses  in  the  latter 
and  permanent  defects  which  may  not  be  removed  by  the  subsequent 
annealing.  Bearings  which  have  to  distribute  a  concentrated  load 
over  a  certain  area  should  have  a  height  of  at  least  one-half  the  width 
of  the  bearing  area  and  be  safely  proportioned  for  the  bending  and 
shearing  stresses.  If  these  precautions  are  taken  in  the  design  and 
manufacture,  and  scrupulous  inspection  is  exercised,  there  need  not 
be  any  apprehension  concerning  the  use  of  cast  steel  for  bearings. 

Stringers  and  Floor-Beams. — Typical  details  of  the  floor  system 
are  shown  in  Plates  XXX  and  XXXI.  The  railroad  stringers  ane 
6  ft.  deep,  and  of  the  ordinary  make-up.  They  are  framed  into  the 
floor-beams.  Tlie  connection  was  designed  to  allow  the  stringers  to 
be  swung  into  place  after  the  floor-beams  were  erected.  The  stringers 
are  connected  in  pairs  by  top  and  bottom  lateral  bracing  and  two 
sway-frames  in  each  panel. 

The  floor-beams  are  heavy  box-girders,  with  two  webs,  8^  ft.  deep. 
The  webs  are  joined  by  top  and  bottom  cover-plates,  42  in.  wide,  and 
by  vertical  diaphragms  in  the  lines  of  the  stringers  and  horizontal 
diaphragms  opposite  the  floor-lateral  connections.  On  the  suspended 
portion  of  the  floor  the  floor-beams  are  continuous  between  railing 
girders  and  connected  to  the  floor  suspenders  by  16-in.  pins.  At  the 
four  end  panel  points,  the  floor-beams  are  framed  into  the  truss  ver- 
ticals, and  separate  cantilever  brackets  are  provided  on  the  outside. 
One  of  the  floor-beams  weighs  86  tons. 

Floor-Lateral  T7-uss  and  Braking  Girders. — The  floor-lateral  truss 
is  in  the  plane  of  the  bottom  flanges  of  the  railroad  stringers,  the 
diagonals  being  riveted  to  the  stringers  at  intersection  points  and 
also  to  the  floor-beams.  The  diagonals  take  tension  and  compression. 
Each  diagonal  consists  of  a  horizontal  web-plate  with  two  or  four 
angles  riveted  to  its  lower  side  (Plate  XXXI).  On  account  of  the 
great  unsupported  length  between  the  outer  stringer  and  the  wind 
chord,  the  diagonals  are  stiffened  in  that  portion  by  a  latticed  strut 
parallel  with  and  2  ft.  above  the  diagonal,  and  connected  to  the  latter 
by  lattice  angles. 

At  the  expansion  joint  of  the  floor,  the  two  diagonals,  on  the 
sliding  side,  are  connected  to  a  horizontal  gusset-plate  which  slides 
longitudinally,  but  transmits  the  lateral  reaction  to  a  bracket  attached 
to  the  center  of  the  floor-beam   (Plate  XXXI).     The  chords  of  the 
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floor-lateral  truss  which  form  the  bottom  chords  of  the  railing  girders 
have  the  shape  of  an  inverted  T,  the  vertical  web-plate  forming  the 
gusset  for  the  web  members  of  the  railing  girder.  To  reduce  the 
unsupported  length  of  this  chord  between  floor-beams,  the  railing 
girder  is  connected  with  the  highway  stringers  by  intermediate 
brackets,  one  opposite  each  stringer  cross-frame  (Plate  XXX). 

The  two  braking  girders  at  the  intersections  of  the  floor  with  the 
trusses  are  horizontal,  single-web  plate  girders,  8  ft.  wide,  and  placed 
immediately  below  the  floor  laterals  (Plate  XXXI).  These  girders 
are  rigidly  framed  into  the  bottom  chords  of  the  arch  trusses  (Fig. 
14)  to  which  they  deliver  their  reactions.  Each  railroad  stringer  is 
connected  to  the  braking  girder  by  a  vertical  diaphragm. 

Steel  Weights. — The  weight  of  the  steel  superstructure  of  the  Hell 
Gate  Bridge  is  made  up  as  follows : 

Stringers    ^h-j-^k-^T 4  010  000  lb. 

Floor-beams 3  870  000  " 

Railing  girders  with  wind  chords 635  000  " 

Floor  laterals  and  braking  girders. . . .  575  000  " 

Total   floor   system 9  090  000  lb. 

Arch    trusses 21  640  000  " 

Floor  suspenders 1  380  000  " 

Arch   bracing 3  670  000  " 

Bearings    1  990  000  " 

Total   steel   weight 37  770  000   lb. 

or  an  average  of  37  000  lb.  per  lin.  ft.  of  bridge.  This  does  not  include 
470  tons  of  I-beams  in  the  concrete  floor-slabs. 

7. — Camber  and  Deformation  of  Arch  Trusses. 
For  a  large  bridge  of  unusual  design,  an  investigation  of  the 
elastic  behavior  of  its  trusses  under  load  is  essential  for  a  proper  judg- 
ment of  its  merits.  The  elastic  line  gives  at  once  an  indication  of  the 
comparative  rigidity  of  a  bridge,  and  as  to  whether  and  where  large 
secondary  stresses  may  occur.  Further,  the  calculation  of  the  greatest 
deflection  is  necessary  for  determining  the  proper  camber,  in  order  to 
satisfy  clearance  conditions  under  the  bridge,  and  to  establish  the 
desired  grade  of  the  floor. 
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Camher. — The  arch  trusses  of  the  Hell  Gate  Bridge  were  cambered 
for  dead  load  only  by  increasing  or  decreasing  the  "geometric  length" 
of  each  member,  including  the  floor  suspenders,  by  an  amount  equal — 
but  opposite — to  its  change  in  length  from  its  dead-load  stress,  so  that, 
under  full  dead  load,  the  trusses  would  assume  their  true  "geometric 
form",  for  which  the  stresses  are  calculated.  This  is  the  proper  method 
of  cambering  large  bridges.  There  was  no  need  for  cambering  the 
trusses  for  live  load,  as  the  deflections  have  only  a  negligible  influence 
on  the  direct  stresses  in  the  truss  members.  The  only  object  was  to 
prevent  the  top  of  rail  from  sagging  below  a  horizontal  line  under  ivll 
live  load  and  extreme  low  temperature,  and  this  was  accomplished  by 
establishing  an  initial  vertical  curve  for  the  top  of  rail. 

Deflections. — Plate  XXXII  shows  the  assumed  initial  vertical  curve, 
and  gives  a  summary  of  the  vertical  deflections  for  the  points  along  the 
top  of  rail.  In  the  calculation  for  the  deflections,  the  "gross  area"  of  all 
members  was  assumed,  and  the  influence  of  the  details,  and  of  the 
rigidity  of  the  connections,  was  neglected.  The  modulus  of  elasticity 
was  assumed  to  be  30  000  000  lb.  per  sq.  in.,  and  the  linear  temperature 
expansion  as  0.0000066.  The  effect  of  the  elastic  deformation  of  the 
web  members  on  the  deflections  of  an  arch  of  this  type  is  very  consid- 
erable, especially  for  partial  load,  and  cannot  be  neglected. 

Dead-Load  Deflections. — The  maximum  vertical  deflection  of  the 
floor,  due  to  the  total  dead  load  (average  51  000  lb.  per  ft.  of  bridge), 
from  the  theoretical  cambered  position,  is  8.35  in.  at  Panel  Point  22 
(Wards  Island  side)  and  7.13  in.  at  Panel  Point  22  (Long  Island  side). 
This  difference  for  the  two  sides,  and  the  kink  at  Panel  Point  22, 
Wards  Island  side,  in  the  cambered  position,  is  due  to  the  fact  that,  in 
its  cambered  position,  the  truss  forms  an  unsymmetrical,  three-hinged 
arch,  and  was  erected  as  such,  the  hinge  being  at  Panel  Point  22, 
Wards  Island  side,  whereas,  in  the  final  position,  the  arch  was  to 
assume  its  true  geometric  form,  which  is  symmetrical  about  the  center. 

Live-Load  Deflections. — Plate  XXXII  (h)  shows  the  elastic  lines  of 
the  floor  for  a  live  load  of  12  000  lb.  per  ft.  of  truss  covering  one  half 
span  and  the  whole  span,  respectively,  and  also  the  lines  connecting 
the  extreme  positions  of  the  panel  points  under  most  unfavorable 
positions  of  the  load.  The  greatest  downward  deflection  is  5.19  in.,  or 
^-^^^  of  the  span  length,  and  occurs  at  about  the  quarter  point  of  the 
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span  under  a  load  covering  about  one-half  of  the  span.  The  quarter 
point  on  the  other  half  of  the  span  rises  3.46  in.  under  the  same  loading 
condition.  The  greatest  deflection  at  the  center  is  .3.82  in.,  or  ^-f^^ 
of  the  span  length,  and  occurs  under  a  load  covering  approximately 
the  middle  half  of  the  span.  The  maximum  live-load  deflection  at  the 
center  of  a  cantilever  bridge  of  the  same  span  and  loading  would  be 
about  8  in.,  and  that  of  a  simple  span  about  5  in. 

The  elastic  lines  are  smooth  curves,  or  rather  polygons,  free  from 
local  kinks,  such  as  occur  at  the  hinges  of  cantilevers  or  three-hinged 
arches.  They  are  also  free  from  sharp  corners,  such  as  are  produced 
over  the  intermediate  supports  of  cantilevers,  or  at  every  panel  point 
of  trusses  with  subdivided  panels.  From  this  it  may  be  concluded  that 
the  secondary  stresses  in  the  arch  trusses  are  comparatively  small, 
which  fact  is  substantiated  by  the  calculations  of  these  stresses. 

Temperature  Deflections. — A  change  in  temperature  from  the  nor- 
mal (60°  Fahr.)  produces  an  elastic  line  of  approximately  parabolic 
shape  with  greatest  ordinate  at  the  center  of  the  span  (Plate  XXXII 
(c)).  The  latter  rises  or  falls,  respectively,  by  0.74  in.  for  each  degree 
of  rise  or  fall  in  temperature,  the  total  deflection  for  a  change  of  72° 
Fahr.  l)eing  ±  .5.3  in.,  or  i^^-g-iy  of  the  span  length.  This  additional 
deflection  from  temperature  change  is  not  objectionable,  as  it  has  no 
bearing  on  the  rigidity  of  the  bridge.  The  temperature  deformation  is 
the  result  of  the  change  in  length  of  each  member,  first,  due  to  uncon- 
strained expansion  or  contraction,  and,  second,  due  to  the  elongation 
or  compression  from  temperature  stress.  The  former  eifect  raises  or 
lowers  each  point  in  proportion  to  its  height  above  the  bearings. 

8. — Material. 
Quality  of  Steel. — All  material  in  the  steel  superstructure  of  the 
Hell  Gate  Bridge  and  Approaches  is  rolled,  forged,  or  cast  steel,  made 
by  the  open-hearth  process. 

The  following  four  grades  of  steel  were  used: 
a. — Hard  steel  for  all  rolled  parts  and  pins  of  the  Hell  Gate  Arch 

Bridge; 
h. — Structural  steel  for  all  rolled  parts  and  pins  of  the  Approaches; 
c. — Rivet  steel  for  all  rivets; 
d. — Cast  steel  for  all  castinga  for  bearings,  etc. 
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These  different  grades  had  to  conform  to  the  chemical  and  physical 
requirements  given  in  Table  1. 

TABLE  1. — Chemical  and  Physical  Eequirements  for  Steel. 


Hard 
steel. 


Structural 
steel. 


Rivet 
steel. 


Cast 
steel. 


Phosphorus,  max.  -j  a^f^^' 


Sulphur,  max. 


0.04 
0.06 


0.05 


Ultimate  tensile  strength,  (  max — 
in  pounds  per  square-;  desired. 
inch (  min 


Yield  point,  min 

Tri„ „*;„,.   ^i„  j  in  2  in.  for  cast  steel.. 

Elongation,  mm.  J  -^  g  j^  ^^^  ^^-^^^^  ^^^^^ 

Character  of  fracture 


76  000 
71  000 
66  000 

38  000 


Silky. 


Cold  bend  without  fracture 


0.04 
0.06 

0.05 

70  000 
66  000 
62  000 

35  000 

2290 
Silky. 

180°  around 
pin  of  thick- 
ness of 
test  piece. 


0.04 
0.04 

0.04 

58  000 

50  000 

28  000 

28% 

(    Fine, 

'I    silky. 

!      180°     J 
f    flat,     j 


0.05 
0.08 


0.05 


65  000 
33  000 

200/0 

Silky  or  fine 
granular. 

90°  around 
pin  of  thick- 
ness of  test 
piece. 


*  Minimum  elongation  for  "hard  steel"  :  1  400  000  divided  by  ultimate  strength 
for  thicknesses  up  to  and  Including  %  in.  ;  1%  less  for  each  additional  %  in.  in  thick- 
ness, with  a  limit  of  16%  for  thicknesses  up  to  and  including  2  in.  and  15%  for  thick- 
nesses greater  than  2  in. 

Cold-bend  test  for  "hard  steel"  :  180°  around  a  pin  of  double  the  thickness  of  the 
test  piece  for  material  up  to  and  including  %  in.,  180°  around  a  pin  three  times  that 
thickness  for  material  of  greater  thickness  than  %  in. 

The  chemical  analysis  was  made  from  test  ingots  during  the  casting 
of  the  melt,  and  included  the  determination  of  carbon,  manganese,  and 
silicon,  in  addition  to  phosphorus  and  sulphur.  The  carbon  ranged 
between  0.27  and  0.34%  in  the  hard  steel  and  between  0.23  and  0.28% 
in  the  structural  steel,  and  manganese  from  0.52  to  0.64  and  0.36  to 
0.61%,  respectively.  Special  stress  was  laid  on  sufficient  discard  being 
made  from  the  ingot  to  insure  sound  material  free  from  piping  and 
excessive  segregation. 

The  physical  tests  were  made  on  standard  test  specimens  cut  from 
the  rolled,  forged,  or  cast  piece,  in  the  latter  two  cases  after  annealing. 
The  specifications  required  that  at  least  two  tensile  and  two  bending 
tests  be  made  from  each  heat  of  25  tons  or  less,  at  least  three  tests  from 
each  heat  up  to  40  tons,  and  four  tests  for  heats  exceeding  40  tons.  If 
the  material  rolled  from  the  same  heat  varied  in  thickness  f  in.,  or 
more,  the  foregoing  number  of  tests  were  to  be  made  from  the  thickest 
as  well  as  from  the  thinnest  pieces.    In  all  about  7  000  tests,  covering 
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accepted  heats  only,  were  made,  or  an  average  of  eight  tests  per  100 
tons. 

Full-Sized  Eye-Bar  Tests.— About  1  900  tons  of  structural  steel  eye- 
bars,  10  in.  wide  and  from  11  to  21  in.  thick,  with  forged  heads  37^  in.  in 
diameter,  and  16-in.  pin-holes  were  used  in  the  Little  Hell  Gate  Bridge. 
Twenty-one  full-sized  bars  were  tested,  after  annealing,  and  had  to  show 
the  following  results :  Ultimate  strength :  56  000  to  68  000  lb.  per  sq. 
in. ;  elastic  limit:  minimum,  33  000,  and  maximum,  38  000  lb.  per  sq.  in.; 
minimum  elongation  in  10  ft. :  12  per  cent. 

Table  2  gives  a  summary  of  the  full-sized  tests,  together  with  the 
corresponding  unannealed  specimen  tests. 

TABLE  2. — Eesults  of  Twenty-One  Full-Sized  Eye-Bar  Tests, 


Annealed  Full-Sized 
Bars. 


Min. 


Aver- 
age. 


Max. 


Unannealed  Specimen. 


Min. 


>  <D  R 

n*     N!     '-i 


Ultimate  streugth,  in  pounds 

per  square  inch i  .58  500 

Elastic  limit,  in  pounds  per 

square  itich 

Elongation  :    percentage 

10  in 

Elongation :    percentage 

12  in 

Reduction:  percentage.., 


32  900 

17.8 


31.6 
29.1 


61  800 
34  600 

22.8 

.39.3 
36.0 


64  7U0 
36  200 

29.8 

49.3 
43.2 


64  300 
35  700 


67  800 
38  800 


72  600 
41  000 


6  000 
4  200:  J 


in  8  in.,  21.2 
30.0 


26.4 


30.0 
43.0 


All  specimens  broke  in  the  body  of  the  bar. 

Selection  of  High-Carhon  Steel  for  Arch  Bridge. — A  high-grade 
carbon  steel  was  adopted  for  the  Hell  Gate  Bridge,  principally  because 
it  permitted  higher  unit  stresses,  which  resulted  in  a  considerable 
saving  in  steel.  The  consequent  saving  in  cost  was  offset  only  to  a 
small  extent  by  the  slightly  greater  unit  price  of  hard  steel  over  ordi- 
nary structural  steel.  This  slightly  greater  price  is  not  due  so  much  to 
greater  cost  of  manufacture  at  the  mill  and  shop  as  to  the  fact  that, 
for  any  special  steel,  the  quantity  to  be  scrapped,  on  account  of  not 
fulfilling  the  requirements,  is  greater  than  for  ordinary  material.  The 
contractor  was  given  the  option  of  furnishing,  at  the  same  price,  either 
hard  or  structural  steel  for  the  floor  system  and  suspenders,  which 
parts  have  been  designed  with  the  unit  stresses  allowed  for  structural 
steel.  He  preferred,  however,  to  use  the  same  material,  that  is,  hard 
steel,  for  the  whole  bridge.     Further,  with  ordinary  steel,  the  sections 
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of  truss  members,  gusset-plates,  splices,  and  size  of  rivets  woiild  have 
become  much  larger  and,  in  some  cases,  excessive.  Even  with  the  hard 
steel  as  used  the  dimensions  of  some  of  these  details  are  up  to  the 
practicable  limits. 

The  hard  steel  showed  an  elongation  of  generally  more  than  20% — 
in  the  average  about  25% — and  an  average  reduction  of  45%,  and  no 
difficulties  were  experienced  in  complying  with  the  bending  test.  This 
proves  that  the  material  is  tough  and  ductile.  It  required  specially 
hard  tools  for  drilling  and  reaming,  and  these  operations  were  some- 
what slower  than  with  ordinary  carbon  steel,  but  otherwise  no  serious 
difficulties  were  experienced  in  the  fabrication. 

Adaptability  of  Alloy  Steel. — The  use  of  nickel  steel  for  the  arch 
trusses  was  also  taken  into  consideration,  but  it  was  fovmd  that,  with 
permissible  unit  stresses  50%  higher  than  for  structural  steel,  there 
would  have  been  no  saving  in  cost.  The  unit  price  for  nickel  steel 
obtaining  at  that  time  was  about  $40  per  ton  higher  than  for  carbon 
steel.  Moreover,  unless  nickel  steel,  or  any  other  alloy  steel,  would 
have  resulted  in  an  appreciable  saving,  or  other  important  advantages, 
carbon  steel  would  still  have  been  given  the  preference.  Carbon-steel 
trusses,  on  account  of  their  greater  weight  or  inertia  and  smaller  elastic 
deformations,  are  less  subject  to  vibrations  from  live  load,  and,  conse- 
quently, insure  greater  stiffness  and  permanency.  Moreover,  as  the 
proportion  of  their  dead  weight  to  live  load  is  greater,  they  will  sus- 
tain safely  a  comparatively  greater  future  increase  in  live  load  than 

alloy  steel. 

9. — Loads  and  Unit  Stresses. 

.. '  The  safety  and  useful  life  of  a  bridge  depend  essentially  on  the 
proper  assumption  and  co-ordination  of  the  various  loads  and  per- 
missible unit  stresses.  In  the  design  of  bridges  of  ordinary  span 
and  capacity,  the  assumption  of  loads  and  unit  stresses  is  a  matter 
of  well-established  routine,  whereas,  for  a  large  bridge,  for  which 
there  are  few  or  no  precedents,  it  is  a  complex  problem,  which  must 
be  solved  largely  by  judgment.  The  more  accurate  and  complete  the 
load  assumptions,  the  higher  can  be  the  permissible  unit  stresses. 
It  is  safer  and  more  in  conformity  with  true  economy  to  make  sure 
that  under  the  most  unfavorable,  but  possible,  conditions  and  com- 
binations of  loading  the  elastic  limit  of  the  material  or  a  comparatively 
high  proportion  thereof  will  not  be  exceeded,  than  to  trust  to  ordinary 
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loading  conditions  and  low  unit  stresses  and  allow  a  large,  but 
uncertain,  margin  of  safety.  This  principle  has  been  followed  in  the 
design  of  the  Hell  Gate  Bridge.  All  possible  forces  have  been  taken 
into  consideration,  namely,  dead  load,  live  load,  vertical  impact,  lateral 
force  or  impact,  longitudinal  force  from  traction  and  braking  of  trains, 
wind  pressure,  and  forces  due  to  change  in  temperature,  and  compara- 
tively high  unit  stresses  (from  five-eighths  to  three-fourths  of  the 
mininmm  elastic  limit)  have  been  allowed  for  the  combination  of 
these  forces. 

Dead  Load. — Before  determining  on  the  final  sections  of  the  truss 
members,  the  dead  load  was  carefully  calculated  and  checked.  From 
the  preliminary  designs  and  detailed  drawings  the  panel  concentrations 
were  ascertained  very  closely.  After  the  work  had  beeij  let  a  recal- 
culation was  made  from  drawings  worked  out  by  the  contractor 
sufficiently  in  detail  to  allow  the  ordering  of  rnaterial  therefrom. 

The  dead  load,  in  pounds  per  linear  foot  of  bridge,  is  made  up  as 
follows : 

Tracks  and  ballast 4  900  lb. 

Steel  concrete  and  timber  flooring 8  100   "  . 

Conduits,  cables,  wires,  etc 1  000   " 

Total  tracks  and  flooring,  etc 14  000   lb. 

Steelwork,    average 37  000     " 


Total  average  dead  load  per  foot  of  bridge.  ...   51  000  lb. 

The  dead  load  assumed  for  the  final  calcvilation  is  51  900  lb.,  average, 
and  varies  from  45  000  lb.  at  the  center  to  62  000  lb.  at  the  ends. 
The  excess  over  the  actual  dead  load  is  due  to  the  excess  of  the  assumed 
over  the  actual  weight  of  the  conduits.  For  the  weight  of  steelwork 
(exclusive  of  steel  in  floor  slabs),  the  stresses  have  been  calculated  by 
assuming  the  arch  trusses  to  be  three-hinged,  under  which  condition 
they  were  erected  (middle  hinge  at  bottom  chord,  Point  22,  Wards 
Ts'land  side,  Plate  XXYIII).  The  stresses  for  the  remainder  of  the  dead 
load,  as  well  as  for  all  other  forces,  have  been  calculated  for  the  final 
two-hinged  condition. 

Live  Load. — The  arch  bridge  and  approaches  are  designed  for  the 
following  live  load: 
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1. — All  bridges  and  viaducts  of  the  approaches,  and  the  floor  sys- 
tem and  floor  suspenders  of  the  arch  bridge,  for  Cooper's  E-60  on 
each  of  the  four  tracks,  or  an  alternative  three-axle  load  of  70  000  lb. 
on  each  axle  wherever  this  causes  greater  stresses  (Fig.  18). 

2. — The  arch  trusses  for  a  uniform  load  of  6  000  lb.  per  ft.  of 
track,  or  24  000  lb.  per  ft.  of  bridge,  placed  in  the  most  unfavorable 
position  in  either  a  single  stretch  or  in  two  separated  stretches,  when 
the  latter  condition  gives  a  greater  stress. 

The  assumption  of  a  uniform  train  load  for  the  arch  trusses,  instead 
of  the  engine  concentrations,  was  justified  in  view  of  the  highly  im- 
probable, and  almost  impracticable,  condition  of  maximum  engine  and 
car  loads,  in  the  most  unfavorable  position  simultaneously  on  all 
four  tracks.  ^  This  hypothetical  condition  would  have  required  addi- 


-^^ 
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C  000  lb.  per  lin.  ft. 


56'o"  1 St'o" J 


DIAGRAM  OFASSUM'ED  LIVE  LOAD 
Fig.   18. 

tions  up  to  about  5%  to  the  sections  of  some  of  the  truss  members. 
An  E-75  loading  on  each  track  in  the  most  unfavorable  position,  but 
without  impact,  would  have  increased  the  sections  of  a  few  of  the 
heaviest  bottom  chord  members  by  not  more  than  3^%,  the  sections 
of  all  the  other  members  being  ample.  Such  a  heavy  load,  if  at  all 
possible,  with  present  limits  of  gauge  and  clearance,  represents  prob- 
ably the  heaviest  future  freight  trains,  and  as  these  will  move  com- 
paratively slowly,  the  impact  effect  of  which  on  the  truss  members  will 
be  negligible,  it  is  considered,  therefore,  that  the  bridge  will  carry 
safely  any  possible  future  moving  load. 

Impact. — The  impact  stresses,  or  vertical  dynamic  effects  of  the 
locomotives  and  cars,  have  been  determined  according  to  Lindenthal's 
formula,  as  published  and  fully  explained  in  an  article*  by  its  author. 


*  Engineering  News,  August  1st,  1912. 
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Since  the  appearance  of  that  article,  the  formula  has  been  modified 
slightly  so  as  to  be  applicable  automatically  to  bridges  having  two  or 
more  tracks. 

The  formula  in  its  final  form,  applied  to  E-60  loading,  is : 

a 

1200  +  - 

L^  n 

I  =  X    

D  -\-  L         (iOO  +  4a 

wherein,   D  =  stress  from  dead  load,  in  pounds, 
L  =  stress  from  live  load,  in  pounds. 
a  =  length  of  train  behind  locomotive  tender  for  position  of 

maximum  stress,  in  feet, 
n  =  number  of  tracks  loaded  for  maximum  stress. 

The  modification  of  the  formula  consists  of  the  introduction  of  the 
value,  n,  and  is  based  on  the  assumption  of  full  impact  from  the 
locomotives  on  all  tracks,  but  impact  from  the  cars  on  one  track  only. 
The  principal  object  sought  in  deriving  this  formvila  was  that  it  should 
be  applicable  equally  to  all  kinds  of  bridges,  of  the  shortest  as  well 
as  the  longest  spans,  to  bridges  with  open  or  solid  ballasted  floors,  and 
to  steel  or  concrete  bridges;  whereas  most  of  the  existing  formulas 
have  only  limited  usefulness,  particularly  the  widely  adopted  formula 
of  the  American  Railway  Engineering  Association.  The  latter  formula 
gives  excessive  results  for  long  spans  and  heavy  ballasted  bridges, 
and  insufficient  values  for  very  short  stringers,  rails,  ties,  etc.,  on 
which  the  dynamic  effect  of  the  driving  wheels  is  unquestionably, 
more  than  100  per  cent.  Lindenthal's  formula,  in  combination  with 
the  comparatively  high  permissible  unit  stresses,  secures  economical 
and  well-proportioned  structures.  Seemingly,  it  is  complicated,  but, 
by  tabulation  or  graphical  diagram,  its  application  is  very  simple. 

Lateral  Force  from  Live  Load.— The  lateral  force  or  lateral  impact, 
due  to  the  swaying  motion  of  fast-moving  trains  on  tangents,  or  the 
centrifugal  force  on  curves  up  to  2°,  has  been  assumed  at  600  lb.  per 
lin.  ft.  of  single  track.  For  curves  sharper  than  2°,  300  lb.  were 
added  for  each  additional  degree  up  to  6  degrees.  These  forces  were 
increased  by  50%  for  each  additional  track.  This  gave,  for  a  four- 
track  bridge  on  tangent,  a  total  lateral  force  of  1  500  lb.  per  ft. 

The  lateral  force  occurs  simultaneously  with  the  live  load,  and  may 
act  at  the  same  time  as  the  wind  pressure,  and  it  is  proper,  therefore, 
to  provide  for  it  in  the  proportioning  of  the  laterals  as  well  as  the 
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main  truss  members.  The  foregoing  value  of  the  Taieral  force,  for 
a  four-track  structure,  is  probably  higher  than  any  which  may  ever 
actually  occur,  but  it  tends  to  secure  a  strong  and  rigid  lateral  system 
along  the  floor.  As  far  as  the  writer  knows,  this  is  the  first  attempt 
to  make  adequate  provision  for  the  lateral  force  from  trains  on 
tangents,  and  to  separate  it  clearly  from  the  wind  pressure.  The 
American  Railway  Engineering  Association  Specifications  of  1914, 
in  this  case,  would  call  for  a  total  combined  lateral  and  wind  force 
of  only  800  lb.  per  lin.  ft.  of  floor. 

Wind  Pressure. — Wind  pressure  was  assumed  as  a  moving  load 
of  500  lb.  per  lin.  ft.  of  bridge  at  track  level,  irrespective  of  the 
number  of  tracks,  plus  a  static  load  of  30  lb.  per  sq.  ft.  on  all  such 
vertical  surfaces  of  the  unloaded  bridge  as  are  exposed  at  an  angle 
of  between  20°  above  and  20°  below  the  horizontal,  or  at  an  angle  of 
45°  from  the  axis  of  the  bridge.  This  resulted,  for  the  Hell  Gate 
Arch,  in  an  average  wind  pressure  of  600  lb.  per  lin.  ft.  of  horizontal 
projection  of  top  chord,  1  000  lb.  per  lin.  ft.  of  horizontal  projection 
of  bottom  chord,  and  1  500  lb.  per  lin.  ft.  of  floor  (inclusive  of  the 
500  lb.  moving  wind  pressure),  or  a  total  of  3  100  lb.  per  lin.  ft.  of 
bridge.  Adding  to  this  the  lateral  force  of  1  500  lb.,  it  is  seen  that, 
with  a  total  force  of  4  600  lb.  per  ft.  of  bridge,  ample  lateral  strength, 
rigidity,  and  stability  are  secured. 

Longitudinal  Force  from  Traction  and  Braking. — The  longitudinal 
.force,  acting  along  the  rail,  from  traction  and  braking  has  been 
assumed  either  at  15  000  lb.  for  each  of  the  eight  driving  axles  of  the 
two  locomotives  (25%  of  the  load  on  each  driving  axle),  or  at  1  000 
lb.  per  lin.  ft.  of  train  (approximately  15%  of  the  average  weight 
of  the  train),  whichever  gave  the  greater  results.  For  the  four-track 
bridges  this  force  was  assumed  as  acting  on  two  tracks  only,  in  view 
of  the  practical  impossibility  of  its  acting  simultaneously  on  all  four 
tracks  in  the  same  direction. 

Recent  tests  with  improved  air-brake  equipment,  yielding  a  con- 
siderably increased  brake  power,  have  led  to  suggestions  that  structures 
be  designed  for  a  higher  braking  force  than  has  been  the  practice 
heretofore.  The  effect  of  the  more  powerful  brakes,  that  is,  the  greater 
force  exerted  by  the  brakes  to  the  wheels,  is  to  reduce  the  time  in 
which  a  stop  can  be  made  without  causing  dangerous  slipping  of  the 
wheels  on  the  rails;  in  other  words,  the  braking  force  between  wheel 
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and  rail  attains  its  maximum  value  in  a  shorter  time.  Its  amount, 
which  depends  solely  on  the  friction  between  rail  and  wheel,  is  not 
increased.  For  reasons  of  safety,  the  action  of  the  brakes  will  never 
be  so  sudden  that  the  braking  force  at  the  rail  acts  with  impact,  that 
is,  the  braking  force  can  always  be  regarded  as  a  static  force  which 
increases  gradually  to  its  maximum  value. 

The  friction  between  wheels  and  rails  has  been  determined  variously 
at  from  15  to  30%  of  the  total  vertical  load  on  the  wheels  to  which 
brakes  are  applied,  the  percentage  depending  on  the  smoothness  of  the 
pail  surface  under  varying  climatic  conditions.  As  the  greatest  possible 
braking  force  of  the  two  heaviest  trains  will  rarely,  if  ever,  be  applied 
to  the  bridge,  the  assumed  longitudinal  force  appears  to  be  ample, 
no  matter  how  efficient  the  brake  equipment  may  be  made  in  the 
future. 

Temperature  Stresses. — :The  stresses  from  temperature  have  been 
determined  for  a  variation  of  zt  72°  Fahr.  from  the  normal  temperature 
of  60°  Fahr.  The  temperature  stresses  are  greatest  in  the  center 
panels  of  the  top  chord  of  the  arch  trusses,  where  they  attain  values 
of  4  000  lb.  per  sq.  in.,  or  about  40%  of  the  live-load  stresses. 

Total  Stresses. — All  members  were  proportioned  for  the  following 
combination  of  stresses : 

1. — For  members  which  carry  dead  and  live  load,  the  "total  stress" 
was  obtained  by  adding  the  stresses  from  dead  load  (D),  live  load 
(L),  impact  (/),  lateral  force  (Lat.),  and  the  so-called  "excess  stress" 
(Exc).  This  excess  stress  is  the  sum  of  the  stresses  from  wind  pres- 
sure (W),  braking  force  (B),  and  temperature  (T"),  less  20%  of  the 
sum  (D  -\-  L  -\-  I  -\-  Lat.).  This  is  equivalent  to  allowing  up  to  2.5% 
higher  unit  stresses  for  the  sum  (D  -{-  L  -{-  I  -\-  Lat.  +  W  -\-  B  -^  T) 
than  for  the  previously  mentioned  "total  stress",  the  percentage  de- 
creasing with  increasing  value  oi  (W  -{-  B  -\-  T). 

2. — ^For  members  which  carry  no  dead  and  live  load,  the  "total 
stress"  was  made  equal  to  (17  +  £  -f  T  -f  Lat.). 

The  "total  stress,"  divided  by  the  permissible  unit  stress,  gave  the 
minimum  required  area. 

Permissible  Unit  Stresses. — The  permissible  unit  stresses  assumed 
are  given  in  Table  3. 

The  stresses  in  Table  3  are  higher  than  those  allowed  by  most 
specifications,    notably   those   of   the   American   Railway   Engineering 


Pl-t  HELL   GATE  ARCH   BRIDGE 

Jauviio  TABLE  S.-t-Permissible  Unit  Stresses  Assumed. 


For  Trusses  and 

Bracing  of  Hell  Gate 

Bridge. 

(Hard  steel). 

In  pounds  per 

square  inch. 

For  Approach  Spans 

and  Floor  System  and 

Suspenders  of  Hell 

Gate  Bridge. 

(Structural  steel). 

In  pounds  per  square 

inch. 

Axial  tension,  net  section 

24  000 

20  000 
20  000 

Bending  on  extreme  fiber  of  beams 
and  steel  castings,  net  section 

,  girders, 

Axial  compression,  net  section  : 

j    ,,(«)  Closed  section,  or    section 
with  two  diaphragms,  or  , 
one  diaphragm  and   two 
planes  of  latticing 

^  1  =   20 
»• 

40 
60 
80 
100 
I            120 

24  000 

2.3  000 
22  000 
20  000 
18  000 
15  000 

20  000 

19  000 
17  000 
15  000 
14  000 
12  000 

(b)  Half-open  section,  with  one 
cover  and  one  latticing, 
or  with    one  diaphragm  ^ 
without  latticing 

1=    20 
r 

40 
60 
80 
100 
1-            120 

23  000 

22  000  . 
20  000 
18  000 
16  000 
14  000 

20  000 

18  000 
16  000 
14  000 

13  one 

11  000 

■ 

--20 

23  000 

19  000 

(c)  Open  section,  with  two  or 
more  planes  of  latticing  .  • 

40 
60 
80 
100 
I            120 

20  000 
18  000 
16  000 
14  000 

12  000 

17  000 
15  000 
13  000 
12  000 
10  000 

Shearing  stress  : 
On  plate  girders,  net  section 

15  000 
12  000 

24  000 

30  000 
24  000 

Diameter  of  roller 

800 
600 

15  000 

Shop  rivets  and  pins  

Field  rivets  and  turned  bolts 

Bearing  stress  : 
Pins 

20  000 

Shop  rivets 

Field  rivets  and  turned  bolts 

Pressure  on  : 
Expansion  rollers  per  linear  inch 

in  inches,  X  1  000 

Granite  masonry 

800 

Concrete  masonry , 

: -r^ . ^- 

800 

Association.  In  combination  with  Lindenthal's  impact  formula,  how- 
ever, they  result  in  heavier  bridges  for  spans  up  to  about  250  ft. 
and  lighter  ones  for  longer  spans.  The  assumption  of  the  permissible 
compression  stress  per  unit  of  net  area,  that  is,  with  rivet  holes 
deducted,  is  unusual.  Most  specifications  base  the  compression  stress 
on  the  gross  section,  the  assumption  being  generally  made  that  the 
rivet  shanks  replace  the  compression  value  of  the  metal  cut  out 
for   the   holes.      This    assumption    is   proper,    provided   the   rivet   fills 
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the  hole  perfectly,  and  its  metal  has  the  same  elastic  properties 
as  that  of  the  meraber.  To  a  certain  extent,  also,  the  friction  of 
the  rivet  heads  on  the  member  makes  up  for  loss  in  compression 
strength  due  to  the  holes. 

These  conditions,  however,  are  not  always  fulfilled,  and,  moreover, 
compression  members  are  subject  to  shearing  stresses  and,  near  the 
point  of  failure,  possibly  even  to  tension  stresses,  both  of  which 
cannot  be  resisted  by  the  rivets,  or  only  to  a  limited  extent.  It 
is  evident,  therefore,  that  rivet  holes,  even  after  riveting,  decrease 
the  strength  of  a  compression  member.  This  decrease  may  not  be 
appreciable  in  ordinary  compression  members  in  which  the  rivets 
have  short  grips,  generally  fill  the  holes  well,  and  develop  a  com- 
paratively high  friction  under  their  head.  It  is  to  be  assumed,  how- 
ever, that  in  heavier  members  the  decrease  in  strength,  due  to  the 
holes,  is  greater  on  account  of  the  longer  grip  of  the  rivets  and  the 
probability  of  less   perfect  rivets. 

The  extent  to  which  compression  members  are  weakened  by  the 
holes  can  only  be  determined  by  a  systematic  series  of  comparative 
tests,  embracing  both  light  and  heavy  sections.  In  the  absence  of 
sufficient  experimental  data,  it  is  advisable  to  remain  on  the  safe  side. 

Another  unusual  feature  of  these  specifications  is  the  diversity  of 
permissible  stresses  for  different  types  of  comi^ression  members,  greater 
stresses  being  allowed  for  members  having  solid  diaphragms  or  cover- 
plates  than  for  those  having  flanges  which  are  connected  by  latticing. 
The  usual  compression  formulas  do  not  discriminate  in  this  respect, 
the  only  provision,  in  most  specifications,  is  that  the  portion  of  the 
flange  between  connections  of  the  latticing  shall  be  as  strong  as 
the  member  as  a  whole.     This  is  usually  interpreted  to  mean  that  the 

ratio,      ,  of  that  portion  of  the  flange  shall  not  be    less   than  for  the 
r 

member  as  a  whole,  and  implies  that  the  strength  of  the  member  is 

I  I 

the  same  for  any    value,      ,  of  the   flange,  within  the  value,  — ,  of  the 

member  as  a  whole.  This  assumption  is  fallacious.  The  flange  of  a 
member,  subject  to  buckling,  should  have  an  unreduced  compressive 
value,  the  same  as  the  flange  of  a  beam  subject  to  bending.  If  it 
has  not,  that  is,  if  the  flange  itself  has  a  reduced  buckling  strength, 
then  the  strength  of  the  compression  member  as  a  whole  is  doubly 
reduced. 
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There  are  other  weaknesses  of  integral  parts,  such  as  insufficient 
thickness  of  webs,  cover-plates,  outstanding  flanges  of  angles,  excessive 
rivet  pitch,  etc.,  all  of  which  tend  to  reduce  the  strength  of  a  com- 
pression member  as  a  whole.  It  is  evidently  impossible  to  cover  all 
these  influences  by  cut-and-dried  rules  or  formulas,  particularly  iu 
view  of  the  lack  of  sufficient  comparative  experimental  data,  but  it  is 
obvious  that  some  distinction  should  be  made  in  the  permissible  unit 
stresses  for  different  types  of  sections,  types  of  latticing,  etc.,  and  not 

I 
merely  for  different  values  of  the  ratio,     . 
•^  r 

Secondary  Stresses. — Care  was  taken  in  designing  and  detailing 
all  the  bridges  to  avoid  large  secondary  stresses,  and,  in  a  few  cases, 
where  this  was  not  possible,  additions  to  the  sections  were  made. 

In  the  Hell  Gate  Arch  the  maximum  calculated  secondary  stresses 
which  occur  simultaneously  with  the  maximum  primary  stresses  are 
as  follows,  in  pounds  per  square  inch: 

Combined  dead 
Dead  load.  Live  load.  and  live  load. 

Bottom  chord ±1300  ±1300  ±2100 

Top  chord +2  100  ±3100  +5  200 

—  2  500  —  5  600 

Diagonals ±  5  000  ±  2  800  ±  6  300 

Verticals    ±  2  200  ±  4  400  ±  4  800 

These,  being  extreme  fiber  stresses,  can  safely  be  assumed  to  be 
covered  by  the  margin  of  safety  of  the  primary  or  axial  stresses,  es- 
pecially as  the  greatest  secondary  stresses  occur  in  members  which  have 
considerable  excess  of  section.  Moreover,  stress  measurements  made 
during  and  after  erection  indicate  that  the  actual  secondary  stresses 
are  below  the  calculated  ones. 

Xo  attempt,  therefore,  was  made  in  the  fabrication  and  erection  of 
the  trusses  to  eliminate  or  even  reduce  the  secondary  stresses.  In 
fact,  this  would  have  been  a  very  difficult  problem  on  account  of  the 
rigidity  of  the  members,  particularly  of  the  bottom  chord.  This  ques- 
tion is  discussed  more  fully  under  "Workmanship  and  Fabrication." 

Erection  Stresses. — The  greatest  stresses  in  the  arch  trusses  during 

erection  were:   +  18  GOO  and  — ^16  000  lb.  per  sq.  in.    T     =  46  j  from 
dead  load  and  erection  traveler  without  wind,  and  +  20  400  and  —  19  700 
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lb.  per  sq.  in.  (      ^  46  )  from  the  dead  load,  traveler,  aud   an  assumed 

wind  pressure  of  30  lb.  per  sq.  ft.  of  exposed  surface. 

These  stresses  were  well  within  the  safe  limits  allowed  for  the 
total  stresses  in  the  completed  bridge.  Only  in  the  end  panel  of 
the  top  chord  was  the  erection  stress  greater  than  the  total  stress  in 
the  permanent  bridge,  but  these  members  required  a  certain  minimum 
section  which  was  sufficient  for  the  erection  stress.  No  extra  metal 
was  required,  therefore,  in  the  arch  trusses  for  erection  purposes.  The 
maximum  values  allowed  for  the  erection  stresses  without  wind  in 
the  temporary  back-stays  (structural  steel)  were  the  same  as  those 
allowed  for  the  total  stresses  in  the  finished  structures  (20  000  lb.  per 
sq.  in.  tension)  and  25%  more  with  a  wind  pressure  of  30  lb.  per  sq.  ft. 
of  exposed  surface  (25  000  lb.  per  sq.  'ft.  tension). 

10. — Workmanship  and  Fabrication. 

The  specifications  were  prepared  by  the  Consulting  Engineer  with 
a  view  to  securing  the  best  class  of  workmanship  which  current  prac- 
tice and  possible  improvement  therein  would  admit.  The  steelwork 
for  the  arch  bridge  was  manufactured  at  the  Ambridge  Plant  of  the 
American  Bridge  Company,  whose  shop  management  gave  careful  study 
to  new  shop  methods  and  the  use  of  more  efficient  tools  and  machinery, 
as  necessitated  for  the  unprecedented  work. 

Punching,  Reaming,  and  Drilling. — The  punching,  reaming,  and 
drilling  of  rivet  holes  was  governed  by  the  following  clauses  in  the 
specifications : 

"Steel  up  to  and  including  a  thicloiess  of  i  in.  may  be  punched 
without  subsequent  reaming,  unless  the  same  shall  be  necessary  to 
insure  smooth  holes  of  the  assembled  parts  to  be  riveted  together. 

"Steel  up  to  and  including  |  in.  in  thickness  shall  be  punched 
with  liolea  |  in.  smaller  and  tlien  reamed  after  assembling  ^-g  in. 
larger  than  the  nominal  size  of  the  rivets  shown  on  the  drawings. 

"Structural  steel  up  to  and  including  |  in.  in  thickness  may  be 
punched  and  reamed,  provided  that  in  no  instance  shall  the  punched 
rivet  hole  be  more  than  \^  in.  in  diameter  in  steel  |  in.  thick.  This 
applies  to  any  diameter  of  rivet,  whether  I  in.  or  larger.  After  assem- 
bling the  holes  shall  be  reamed  out  for  the  removal  of  the  bruised  metal 
to  a  diameter  j^,^  in.  larger  than  tlie  nominal  size  of  the  rivet.  A  misfit 
or  overlapping  of  the  punched  holes  in  the  assembled  pieces  greater 
than  y\  in.  will  not  be  allowed,  and  when  the  Engineer  is  satisfied, 
after   reasonable   trial,   that   the   punching   is   not   within    that   limit 
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of  accuracy  then  punching  must  be  discontinued  and  the  holes  drilled 
as  per  paragraph  55. 

"Rivet  holes  of  more  than  f  in.  in  thickness  shall  be  either  drilled 
from  the  solid  ^-^r  in.  smaller  and  then  reamed  after  assembling  ^^ 
in.  larger  than  the  nominal  size  of  the  rivets  shown  on  the  drawings, 
or  the  rivet  holes  shall  be  drilled  from  the  solid  after  assembling 
^^  in.  larger  than  the  nominal  size  of  the  rivet. 

"Rivet  holes  in  members  composed  of  material  of  two  or  more 
thicknesses,  any  one  of  which  is  greater  than  |  in.,  shall  be  punched 
or  drilled,  respectively,  as  specified  in  paragraphs  54  and  55,  and 
after  assembling  reamed  to  proper  size,  or  the  rivet  holes  shall  be 
drilled  from  the  solid  after  assembling  ^^  in.  larger  than  the  nominal 
size  of  the  rivet. 

"All  reaming  or  drilling  of  holes  in  assembled  parts  shall  be  done 
with  the  various  pieces  bolted  .together  in  their  respective  relative 
and  exact  positions.  After  reaming,  every  hole  shall  be  entirely 
smooth,  showing  that  the  reaming  tool  has  everywhere  touched  the 
metal. 

"All  drilling  and  reaming  of  holes  shall  be  done  dry  with  self- 
hardening  tool  steel. 

"After  the  drilling  or  reaming  is  completed,  a  special  reamer  shall 
be  run  over  both  edges  of  every  rivet  hole  to  remove  the  sharp  edges 
and  burrs  and  make  a  fillet  y^  ^^-  <5eep  in  each  rivet  head.  When 
necessary  the  work  shall  be  taken  apart  and  any  shavings  between 
pieces  carefully  removed." 

On  account  of  the  thick  material  composing  the  truss  members 
of  the  arch  bridge,  nearly  all  the  holes  in  these  members  had  to  be 
drilled.  The  general  procedure  was  as  follows:  After  the  holes  had 
been  laid  out  with  wooden  templates  and  punch-marked,  from  10 
to  15%  of  all  of  them  were  drilled  from  solid  to  a  diameter  of  \^  in. 
The  parts  were  then  assembled  and  bolted  up  with  |-in.  tack-bolts. 
All  the  other  holes  were  then  drilled  from  the  solid  to  full  size,  except 
those  for  the  field  rivets,  which  were  also  drilled  to  a  diameter  of 
^^  in.  The  holes  of  the  |-in.  tack-bolts  were  then  reamed  to  full  size, 
the  bolts  being  gradually  replaced  by  larger  ones,  and  finally  the 
sharp  edges  of  the  holes  were  reamed  off.  The  member  was  then 
riveted. 

For  the  bottom  chord  members  of  the  arch,  the  two  webs  with 
their  flanges  had  first  to  be  assembled  and  riveted  separately  and 
then  joined  and  riveted  to  the  middle  diaphragm  and  finally  the  top 
and   bottom   cover-plates   were   added.      All   reaming   and   drilling    of 
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the  hard  steel  was  done  with  tools  of  special  high-speed  steel.  Lubri- 
cating with  oil  was  not  permitted,  but  it  was  found  necessary  to 
use  occasionally  a  few  drops  of  soap  water  to  reduce  the  friction, 
particularly  in  drilling  through  thick  material. 

Rivets  and  Riveting. — There  are,  in  the  whole  arch  bridge,  about 
840  000  shop  rivets  and  334  000  field  rivets,  of  which  400  000  are 
1^  in.  in  diameter.  Most  of  the  1-  and  l^-in.  shop  rivets  were  driven 
with  hydraulic  riveting  machines  having  a  pressure  capacity  of  100 
tons  (100  lb.  per  sq.  in.).  The  output  of  one  of  these  machines  is  about 
3  500  rivets  per  day.  For  all  heavy  field  rivets  and  such  shop  rivets 
as  could  not  be  driven  with  pressure  machines,  pneumatic  riveting 
hammers  of  the  No.  90  Boyer  type  with  9-in.  stroke  and  pneumatic 
buckers-up  were  used.  The  points  of  the  long  rivets  had  to  be  dipped 
in  water,  after  heating,  so  as  to  insure  more  complete  upsetting  of 
the  shank  before  the  head  was  formed. 

The  specifications  required  the  rivets  to  be  of  such  a  diameter  that 
it  was  necessary  to  force  them  into  the  holes  with  a  hammer  when  hot. 
Experience  has  shown  that  rivets  which  drop  easily  into  the  holes 
when  hot,  especially  those  of  long  grip  exceeding  about  three  times 
the  diameter,  cannot  be  relied  on  to  fill  the  holes  completely  after 
upsetting.  Such  rivets  may  seem  tight  when  tested  with  a  hammer, 
but  when  cut  out  often  show  incomplete  upsetting  near  the  middle 
of  the  shank  and  toward  the  shop-formed  head.  The  specifications 
further  prescribed  that  rivets  with  a  grip  equal  to,  or  exceeding,  four 
times  the  nominal  diameter  should  be  tapered  so  that  the  base  of 
the  rivet  should  be  j?-^  in.  larger  and  the  point  ^^^  in.  smaller  than  the 
nominal  diameter. 

Experiments  showed  that  such  rivets,  when  smooth  and  of  perfect 
size,  and  the  holes  exactly  ^\.  in.  larger  than  the  nominal  diameter 
of  the  rivets  or  J^  in.  larger  than  the  actual  diameter  at  the  base,  can 
be  driven,  without  scraping  the  hot  metal  of  the  shank  and  forming 
a  film  under  the  rivet  head,  and  fill  the  holes  more  perfectly  than 
ordinary  cylindrical  rivets.  It  was  found,  however,  that  allowance 
had  to  be  made  for  the  irregularity  in  diameter  of  rivets  and  holes  due 
to  the  rapid  wear  of  the  rivet  dies  and  the  drills.  After  extended  experi- 
ments, the  following  size  and  shape  was  finally  adopted  for  the  li-in. 
rivets  (Fig.  19):  Minimum  diameter  under  the  head,  1^^  in.,  tapered 
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down  to  1|^|  in.  in  a  distance  of  from  5  to  6  in.  from  the  head,  depend- 
ing on  the  length  of  the  rivets,  the  rest  of  the  shank  being  cylindrical. 

The  rivets  were  required  to  be  perfectly  round,  and  free  from 
loose  scale  and  projecting  fins,  and  before  they  were  entered  into 
the  holes,  the  scale,  formed  in  heating,  had  to  be  carefully  scraped  off. 
To  produce  perfectly  round  and  smooth  rivets,  it  was  found  necessary 
to  deviate  from  the  ordinary  practice  of  upsetting  the  rivet  between 
dies  by  a  single  stroke  of  the  machine  and  cutting  it  off  at  the  same 
time  from  the  feeding  rod.  Pieces  of  the  proper  length  required  for 
the  various  rivets  were  cut  cold  from  the  rivet  rods  and,  after  heating, 
were  placed  individually  into  the  upsetting  machine.  Each  rivet  was 
given  at  least  two  strokes,  and  was  turned  after 
each  stroke,  so  as  to  make  it  perfectly  round  and 
press  down  the  projecting  fins  which  form  in 
the  first  stroke  at  the  joint  between  the  dies. 
Further,  by  more  careful  individual  handling 
of  the  rivets  in  the  heating  furnace,  it  was  pos- 
sible to  avoid  the  scale  which  often  forms  on 
the  rivets  due  to  improper  heating  when  handled 
in  bulk.  Whatever  slight  scale  was  left  was 
removed  by  running  the  finished  rivets  through 
a  rumbling  process  and,  where  necessary,  pro- 
jections were  removed  by  grinding. 

Planing  Ends  of  Chord  Members. — Great 
care  was  taken  to  secure  perfect  planing  of  the 
ends  of  the  chords.  The  planing  was  done  by 
a  Bermet  Miles  horizontal  and  vertical  planer 
which  was  especially  erected  for  this  work.  It  is  mounted  on  a  rotary 
platform,  and  has  a  cutting  range  of  12^  ft.  horizontally  and  10^  ft. 
vertically. 

The  three-faced  joint  of  the  bottom  chord  members  was  obtained 
by  facing  the  member  first  to  a  single  plane  for  the  full  width.  In 
this  condition  the  chord  member  was  assembled  in  the  truss,  and  after 
the  truss  had  again  been  taken  apart  the  two  outer  thirds  of  the 
face  of  the  chord  were  planed  to  the  required  bevel.  About  1  in.  of 
metal  was  cut  away  at  each  face,  first  by  a  roughing  cut  parallel  to 
the  vertical  webs,  and  then  by  a  horizontal  finishing  cut.     The  length 


1 1,4"  tape-red  rivet 
Fig.  19. 
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of  the  members  had  to  be  accurate  within  ^\  in.  and  the  bevels  of  the 
faces  within  30  sec.  (=  uV  in.  in  10  ft.). 

Assembling  Arch  Trusses. — Complete  or  partial  assembling  of 
riveted  trusses,  or  of  continuous  chords  of  pin-connected  trusses,  is 
gradually  becoming  the  ordinary  method  in  American  practice,  at  least 
for  important  work.  With  improved  facilities  for  assembling  large 
trusses  at  the  shop,  the  reaming  and  drilling  of  the  field  connections 
can  be  done  more  cheaply  than  by  the  formerly  prevailing  practice  of 
reaming  or  drilling  to  iron  templates.  The  assembling  at  the  shop, 
moreover,  insures  greater  accuracy  and  decreases  the  chances  for  errors 
or  unforeseen  difficulties,  with  the  resulting  delays  and  added  expenses, 
in  the  field. 

As  the  complete  assembling  of  the  arch  trusses  would  have  required 
a  very  large  space,  and  corresponding  facilities  for  handling  the 
members,  the  Bridge  Company  was  permitted  to  assemble  the  truss 
in  sections  of  four  panels,  the  last  panel  of  each  section  being  again 
assembled  with  the  following  three  panels.  ' 

Each  truss  section  was  laid  out  carefully  in  the  bridge  shop  yard 
to  the  correct  cambered  form  with  a  transit.  The  members  were 
supported  by  timber  grillages  of  sufficient  bearing  area  to  prevent 
excessive  settlements.  Levels  were  taken  each  morning  before  any 
work  was  done  to  make  sure  that  the  truss  section  was  in  a  perfect 
plane  during  the  drilling  of  the  holes.  The  members  were  handled 
with  a  gantry  crane  of  130  ft.  span  and  150  tons  lifting  capacity 
(Fig.  20).    This  crane  was  erected  specially  for  this  work. 

As  previously  mentioned,  all  holes  for  the  field  connections  were 
drilled  to  a  diameter  of  -^|  in.  from  the  solid,  and  |-in.  bolts  were 
used  for  assembling.  After  a  truss  section  was  assembled,  the  holes 
were  drilled  to  full  size  with  long  high-speed  drills  which  reached 
through  both  webs.  The  f-in.  bolts  were  gradually  replaced  by  larger 
ones  as  the  drilling  progressed,  so  as  to  keep  the  members  and  gussets 
always  firmly  tied  together.  Before  the  members  were  taken  apart,  the 
field  connections  were  match-marked  carefully  and  the  marks  were 
recorded  on  a  chart  for  the  use  of  the  field  force.  Fig.  21  shows  the 
special  lifting  device  used  for  handling  the  heavy  chords. 

Only  the  best  class  of  labor  was  employed  on  this  work,  and  the 
bridge  shop  deserves  full  credit  for  its  excellent  work,  which  mani- 
fested itself  in  the  accuracy  and  expediency  with  which  the  members 
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were  erected  in  the  field.  The  250-ton  cast-steel  bearings  (Fig.  22) 
were  completely  fitted  together  at  the  shop. 

Angles  Between  Truss  Members  and  Bevels  of  Joints. — In  the 
fabrication  of  large  riveted  trusses,  careful  consideration  must  be  given 
to  the  question  as  to  whether  the  angles  between  members  and  the 
bevels  of  faced  ends  of  chord  members  shall  be  made  to  conform  to 
the  "cambered",  or  to  the  "geometric",  or  some  other  form  of  the 
truss.  The  method  to  be  used  depends  essentially  on  the  desirability 
of  reducing  the  secondary  stresses,  and  therefore  on  the  kind  and 
system  of  truss. 

If  the  angles  are  laid  out.  to  the  geometric  form  of  truss,  that  is, 
the  form  which  the  truss  is  expected  to  assume  after  completion,  it  is 
possible  to  reduce  the  secondary  stresses  considerably.  This  method, 
therefore,  is  advisable  for  trusses  with  high  secondary  stresses,  such 
as  cantilevers  or  continuous  trusses. 

If  the  angles  are  made  to  conform  to  the  cambered  form  of  truss, 
that  is,  the  form  which  the  truss  would  assume  when  entirely  relieved 
of  stress,  the  secondary  stresses  are,  theoretically,  fully  developed.  This 
method  was  used  for  the  Hell  Gate  Bridge,  as  the  secondary  stresses 
are  negligible,  and  because  this  method  has  the  following  important 
advantages : 

First,  the  whole  truss  or  any  number  of  panels  can  be  completely 
put  together  at  the  shop,  with  tight  joints,  and  the  holes  for  the  con- 
nections can  be  reamed  or  drilled  while  the  truss  is  thus  assembled, 
with  the  greatest  possible  accuracy  and  least  chance  of  errors. 

Second,  when  the  truss  members  are  erected  in  the  field,  the  holes 
of  the  connections  should  match  perfectly,  and  the  joints  should  be 
tight,  without  initial  bending  of  the  members.  The  riveting  of  the 
connections  can  start  at  once,  if  desired,  or  the  holes  can  be  filled  tem- 
porarily with  tight-fitting  drift-pins  and  bolts  to  prevent  motion  of  the 
ends  of  the  member  during  the  deformation  of  the  truss.  Tliis  secures 
the  greatest  safety  and  expediency  in  erection. 

11. — Erection  of  Hell  Gate  Bridge. 

Method  of  Erection. — As  is  necessary  in  the  case  of  a  large  bridge 
which  has  few  or  no  precedents,  the  question  of  erection  was  given 
thorough  consideration  by  the  Consulting  Engineer,  who  prepared 
general  erection  plans  and  stress  sheets  before  the  design  was  finally 


Pig.  20. — Assembling  Arch  Trusses  at  Shop,  for  Hell  Gate   Bridge. 


Fia.  21. — Bottom  Chord  Section  with  Lifting  Device,  Hell  Gate  Bridge. 
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decided  upon.  These  plans  indicated 
that  the  erection  of  the  arch  was 
economically  feasible,  although  in- 
volving operations  of  unprecedented 
character  and  magnitude.  The  river 
conditions,  as  outlined  heretofore, 
excluded  the  use  of  falsework  in  the 
river,  except  for  a  very  short  dis- 
tance from  each  abutment.  Erec- 
tion on  the  cantilever  principle,  with 
the  use  of  temporary  back-stays,  was 
the  only  practicable  alternative. 
However,  as  natural  anchorages  in 
solid  rock  for  the  back-stays  were 
not  available  at  reasonable  depth 
below  the  surface,  the  scheme  pro- 
vided for  artificial  anchorages  in  the 
form  of  huge  counterweights  to 
which  the  back-stays  could  be  at- 
tached. To  transmit  the  horizontal 
pull  of  the  back-stays  to  the  abut- 
ment towers,  where  it  could  find  re- 
sistance, struts  had  to  be  provided 
along  the  ground  surface  between 
the  counterweights  and  the  towers. 
To  render  this  method  economical, 
it  provided  for  the  temporary  use 
of  parts  of  the  permanent  bridge  in 
the  back-stays. 

The  general  features  of  this 
scheme  were  adopted  by  the  erectors, 
the  American  Bridge  Company,  with 
whom  the  responsibility  for  the 
erection  properly  rested.  The  erec- 
tors' plans,  which  were  prepared 
with  a  view  to  secure  perfect  safety 
during  erection,  were  approved  by 
the  Consulting  Engineer  after  thor- 
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ough  examination  and  independent  calculation  of  all  erection  stresses 
and  deflections.  The  general  scheme  of  erection,  as  used,  is  illustrated 
by  Fig.  24. 

The  Bridge  Company  resorted  to  a  very  skillful  utilization  of 
available  parts,  not  only  of  the  arch  bridge  proper,  such  as  floor 
stringers,  suspenders,  etc.,  but  also  of  the  plate-girder  approaches, 
for  the  construction  of  the  back-stays  and  counterweights.  Only 
the  connections  between  members,  some  light  bracing,  and  a  number 
of  short  eye-bar  links  were  made  of  extra  material,  and  even  of  this 
a  considerable  tonnage  had  been  used  previously  on  other  erection 
work. 

The  total  weight  of  steel  in  the  back-stays,  for  both  sides  together, 
amounted  to  15  500  tons,  of  which  only  about  2  300  tons  are  not 
utilized  in  the  permanent  structure.  The  total  weight  of  the  arch 
which  had  to  be  supported  by  the  back-stays  amounted  to  14  500  tons, 
caused  a  maximum  pull  of  6  500  tons  in  each  back-stay>  and 
necessitated  a  maximum  counterweight  of  5  300  tons  on  each  side. 
The  heaviest  pieces  which  had  to  be  lifted  as  units,  the  bottom  chord 
members  of  the  arch,   weighed   180  tons. 

Bach-Stay  Trusses. — The  back-stays  on  the  two  sides  of  the  river 
were  not  alike,  on  account  of  different  configuration  of  the  surface, 
and  also  because  the  Long  Island  back-stay  had  to  carry  twelve 
panels  of  the  arch  while  the  Wards  Island  back-stay  carried  only 
eleven.  Each  back-stay  consisted  of  two  separate  back-stay  trusses 
placed  in  the  respective  planes  of  the  two  arch  trusses  (60  ft.  apart 
on  centers).  These  trusses  were  designed  to  resist  safely,  under 
the  most  unfavorable  erection  conditions,  their  own  weight,  that  of 
the  arch  trusses,  travelers,  and  other  erection  equipment,  and  a  wind 
pressure  of  30  lb.  per  sq.  ft.  of  exposed  area.  Each  back-stay  truss 
consisted  of  the  following  essential  parts  (Fig.  24)  : 

1. — The  lower  back-stay  chord,  BDl,  which  held  the  arch  truss 
at  the  end  Panel  Point  1  of  the  top  chord  during  the  erection  of  the 
first  six  panels.  Except  for  the  short  eye-bar  links  at  the  connection 
to  the  truss,  this  back-stay  chord  consisted  of  two  lines  of  plate 
girders  with  an  aggregate  net  section  of  316  sq.  in.  The  erection  of 
the  arch  beyond  the  sixth  panel,  with  only  the  lower  back-stay  chord 
acting,    would   have   required    an    excessively   large    section    for    this 
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back-stay  and  considerable  extra  material  in  the  top  chord  of  the 
arch  trusses.     It  was  necessary,  therefore,  to  provide: 

2. — An  upper  back-stay  chord,  DFll,  which  held  the  arch  truss 
at  Panel  Point  11  during  the  erection  of  the  remaining  panels,  and 
the  closure  of  the  arch.  Part,  DF,  of  this  chord  was  similar  to  the 
lower  chord,  and  part,  Fll,  consisted  of  three  lines  of  floor  suspenders. 
Both  parts  of  this  chord  were  connected  to  a  shoe  on  top  of  the 
column,  EF,  by  short  eye-bar  links,  FFl  and  FF2. 

3. — The  bottom  strut,  AB,  which  had  to  transmit  the  horizontal 
component  of  the  back-stay  chord  to  the  abutment  tower,  was  made 
up  of  four  lines  of  floor  stringers,  braced  together  laterally,  and 
supported  by  timber  grillages.  It  had  a  maximum  section  of  290 
sq.  in. 

4. — The  vertical  post,  CD,  had  to  carry  the  vertical  comjDonent 
from  the  lower  tension  chord.  The  chord  was  seated  on  the  post 
by  a  roller  nest  in  order  to  prevent  serious  stresses  in  the  longitudinal 
bracing  between  posts. 

5. — The  vertical  post,  EF,  which  was  seated  on  top  of  the  masonry 
tower  at  track  level  had  to  transmit  the  vertical  component  from 
the  upper-tension  chord.  It  acted  as  a  rocker,  having  been  provided 
with  pin  bearings  at  top  and  bottom.  This  member  had  the  largest 
section,  348  sq.  in.,  and  was  made  up  of  four  lines  of  viaduct  girders 
with  their  bracing. 

All  other  vertical  posts,  made  up  mostly  of  pairs  of  floor  stringers, 
carried  only  the  weight  of  the  chords  and  the  traveler.  All  posts 
were  well  braced  in  pairs  longitudinally  and  transversely,  and  thus 
formed  rigid  towers  and  bents.  The  bearings  of  the  arch  trusses 
were  provided  with  temporary  eye-bar  anchorages  (Fig.  26)  to  prevent 
sliding  on  the  skewbacks  during  the  early  stages  of  erection  when 
the  reaction  had  the  steepest  inclination. 

Counterweights. — The  counterweights  were  carried  on  top  of  the 
rear  ends  of  the  back-stay  trusses,  which  rested  on  a  grillage  founda- 
tion. On  the  Long  Island  side  the  counterweight  was  made  up  of 
three  layers  of  viaduct  girders  (Fig.  25).  The  upper  layer  formed 
a  box  which  was  filled  with  earth  taken  from  the  excavation  for  the 
bottom  strut.  The  earth  was  filled  in  gradually  as  the  erection 
proceeded  so  that  there  was  always  ample  margin  of  safety  against 
xiplift  and  at  the  same  time  safe  pressure  on  the  foundation. 


930  HELL   GATE   ARCH   BRIDGE 

The  counterweight  on  the  Wards  Island  side  was  similar,  except 
that,  on  account  of  lack  of  sufficient  earth  excavation,  the  necessary 
weight  was  made  up  by  additional  viaduct  girders  and  flooring 
I-beams. 

To  allow  free  expansion  and  contraction  of  the  back-stay  trusses, 
and  thus  prevent  large  temperature  stresses,  the  ends  of  the  back- 
stay trusses  under  the  counterweights  rested  on  roller  benrings.  Pro- 
vision was  also  made  to  raise  the  counterweights  to  proper  height 
by  eight  500-ton  hydraulic  jacks  (four  under  each  truss)  so  as  to 
offset  settlements  of  the  foundations.  These  jacks,  having  been 
gauged  for  pressure,  served  at  the  same  time  as  a  check  for  the 
weight  of  the  earth  fill. 

3  000-Ton  Hydraulic  Jacks. — Adjustment  of  the  arch  trusses  in 
height  was  required  at  various  erection  stages.  For  this  purpose  a 
powerful  hydraulic  jack  (Fig.  23)  was  placed  at  the  top  of  each 
of  the  four  erection  posts,  EF  (Fig.  24).  Each  jack  had  a  lifting 
capacity  of  3  000  tons  under  a  water  pressure  of  about  5  000  lb.  per 
sq.  in.  The  cast-iron  jack  plungers  had  a  diameter  of  39  in.  and 
a  maximum  stroke  of  26  in.  The  cylinders  were  of  cast  steel,  and 
each  one  was  tested  at  the  United  States  Government  testing  plant 
to  its  full  capacity.  When  operated,  the  plunger  acted  against  the 
cast-steel  shoe  on  top  of  the  post,  raising  or  lowering  it  as  desired, 
and  thereby  raising  or  lowering  the  arch  trusses  or  rather  revolving 
them  around  their  bearings.  As  the  shoe  was  raised  or  lowered,  shim 
plates  were  inserted  or  removed  from  between  the  shoes  and  their 
original  bearings  on  the  post,  so  that  the  jacks  could  be  relieved  after 
the  jacking  operation  was  completed. 

General  Erection  Procedure. — The  diagrams  on  Plate  XXXIII 
illustrate  the  general  procedure  and  the  progress  of  erection.  The 
erection  was  to  be  carried  out  simultaneously  from  both  sides  of  the 
river,  but,  on  account  of  delays  in  the  construction  of  the  deep  founda- 
tion of  the  Wards  Island  tower,  erection  on  that  side  was  started  4^ 
months  later  than  on  the  Long  Island  side.  It  was  timed,  however,  so 
that  the  two  halves  of  the  arch  were  completed  simultaneously.  The 
erection  of  each  half  span  proceeded  in  the  following  order  (Fig.  24)  : 

1. — Placing  of  compression  chords  of  back-stay,  on  the  previously 
graded  surface,  .withg.  60-ton  locomotiv.e  crane. 


Fig.  25. — Long  Island  Back-Stay  Counterweight,  for  Hell  Gate   Bridge. 


Fig.  26. — Hell  Gate  Bridge  :  Erection  Stage,  April  1st,  1915,  Long  Island  Side. 


Fig.   27. — Hell   Gate    Bridge  :    Erection    Stage,   August   18th,    1915, 
Wards  Island  Side. 


-Hell    Gate    Bkiuge:    Erection    Stage,    Septe.aiui;u    2i).    1915, 
Long  Island  Side. 
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2. — Erecting  bottom  layer  of  counterweight  girders  and  on  top  of 
these  the  back-stay  traveler,  T^,  with  a  30-ton  stiff-leg  derrick  placed 
back  of  the  counterweight. 

3. — Erecting  lower  part,  BDl,  of  back-stay  with  the  back-stay 
traveler,  T^,  which  moved  along  the  top  of  the  back-stay. 

4. — Erecting  arch  traveler,  T,,  on  top  of  lower  tension  chord  of 
back-stay  by  the  traveler,  T^. 

5. — Setting  of  bearings  for  arch  bridge,  and  erecting  first  six  pa;nels 
of  arch  trusses,  bracing,  and  floor-beams,  by  the  traveler,  jT,,  which 
moved  along  the  top  chord  of  the  arch.  At  the  same  time  the  traveler, 
T^,  completed  the  erection  of  the  upper  part,  DF,  of  the  back-stay,  and 
portion  of  the  tie,  F-11,  by  advancing  on  top  of  the  back-stay  as  far  as 
the  point,  F.  The  front  portion  of  the  tie,  i^-11,  was  erected  by  a 
derrick  mounted  on  the  rear  end  of  the  traveler,  T^.  ,  Lt  bs-j/.  sfl  >! 

6. — Connecting  the  upper  chord,  i^-11,  to  Panel  Point  11  of  the  arch, 
and  raising  the  point,  F,  with  the  hydraulic  jacks  until,  tjie  lower 
chord,  D-1,  was  relieved  of  its  stress  and  disconnected,  i-arrr    !     ^-^  -  {+ 

7. — Continuing  erection  of  arch  trusses  and  bracing  to  the  center 
(eleven  panels  on  Wards  Island  side  and  twelve  panels  on  Long  Island 
side)  leaving  a  small  gap  between  the  two  ends  (at  bottom  chord 
point  22  WI). 

8. — Lowering  Points  F  with  the  hydraulic  jacks  until  the  trusses 
became  self-supporting  three-hinged  arches. 

9. — Moving  the  travelers,  T^,  back  to  Panel  Point  11,  where  they 
started  the  removal  of  the  forward  stay  and  the  erection  of  the  floor 
suspenders  and  floor-beams,  proceeding  again  toward  the  center.  (The 
stringers  could  not  be  erected  in  this  operation  because  they  formed 
the  compression  chords  of  the  back-stays  and  were  at  that  time  not  yet 
dismantled.) 

10. — Dismantling  of  back-stays  and  back-stay  travelers  in  the  .re- 
verse order  in  which  they  had  been  erected.  ii/of-rss 

11. — Erecting  stringers,  railings,  and  floor  bracing  of  arch  by  the 
traveler,  T^,  from  the  center  toward  the  ends.  The  end  panels  of  the 
floor  were  erected,  and  the  travelers,  T„,  were  dismantled  later  by  a 
derrick  set  up  at  the  end  of  the  top  chord. 

12. — Connecting  up  of  top  chord  and  diagonals  in  the  center  panel 
so  as  to  transform  the  trusses  into  two-hinged  arches. 
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IS.^Placing  of  concrete  flooring,  ballast,  and  tracks,  after  the 
riveting  of  the  arch  trusses  had  been  completed. 

Erection  of  Truss  Members. — The  simplicity  and  uniformity  in  the 
design  of  the  various  truss  panels  greatly  facilitated  and  expedited 
the  erection.  The  typical  procedure  in  erecting  a  panel  of  the  arch 
was  as  follows:  The  two  bottom  chords  were  raised  into  position,  one 
at  a  time,  the  arch  traveler  standing  with  its  front  truck  at  the  end  of 
the  previously  completed  panel.  As  soon  as  a  chord  was  in  place,  the 
connection  at  the  rear  end  was  made  with  bolts  and  drift-pins,  and  then 
the  falls  were  released  and  the  chord  was  allowed  to  cantilever  out. 
The  gusset  and  splice-plates  at  the  front  end  of  the  chord  had  previ- 
ously been  bolted  to  the  chord  on  the  ground. 

Next,  the  diagonals  were  raised  and  connected  at  both  ends,  then 
followed  the  laterals  between  bottom  chords,  the  vertical  posts,  top 
chord  members,  and  last  the  sway-bracing  between  the  posts  and  the 
top  laterals,  only  one  member  being  raised  at  a  time.  On  account  of 
the  great  weight  of  the  chord  members  it  was  considered  that  better 
progress  could  be  made  by  raising  them  individually,  instead  of  in 
pairs,  and  therefore  the  traveler  had  been  designed  with  a  single  cen- 
tral boom. 

After  the  completion  of  a  panel,  the  traveler  was  moved  forward  to 
the  next  panel  point  and  blocked.  The  time  consumed  for  the  erec- 
tion of  a  panel  decreased  as  the  erection  advanced  toward  the  center, 
as  the  erection  gangs  became  more  experienced  and  the  members  de- 
creased in  weight.  It  took  about  3  weeks  to  erect  the  end  panel  on  the 
Long  Island  side,  and  the  tenth  panel  on  the  Wards  Island  side  was 
completely  put  up  in  7i  hours.  The  members  of  the  center  panel  were 
raised  jointly  by  both  arch  travelers,  the  latter  standing  with  their 
front  trucks  at  Points  21  (Fig.  29).  Owing  to  the  accuracy  of  the 
shop  work,  and  the  careful  assembling  of  the  trusses  at  the  shop,  no 
serious  difficulties  or  delays  were  experienced  in  making  the  connec- 
tions in  the  field,  notwithstanding  the  unusual  number  and  dimensions 
of  gusset  and  splice-plates  and  the  fact  that  no  clearance  had  been 
allowed  for  entering  parts. 

Deflections  and  Adjustments  of  Arch  Trusses  During  Erection. — 
During  their  erection,  the  arch  trusses  passed  through  the  following 
four  principal  and  distinct  static  conditions : 
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1. — Cantilever  condition.  During  erection  of  first  six  panels,  truss 
held  at  end  of  top  chord  by  lower  back-stay  (Figs.  26  and  27). 

2. — Cantilever  condition.  During  erection  of  remaining  panels, 
truss  held  at  top  chord  Point  11  by  upper  back-stay  (Figs.  28  and  29), > 

3. — Three-hinged  arch  condition.  Back-stays  released  and  trusses 
connected  at  bottom  chord  Point  22  Wards  Island  side,  which  acted 
as  hinge,  top  chord  23-23,  and  diagonal  23  Wards  Island  side — 22  Long 
Island  side  not  connected  at  23  Wards  Island  side  (Fig.  30).  Arch 
left  in  this  condition  until  all  steelwork  had  been  erected. 

4. — Final  or  two-hinged  arch  condition.  All  steelwork  erected  and 
all  members  of  the  center  panel  fully  connected. 

Each  transformation  from  one  to  the  next  of  these  principal  static 
conditions  marked  a  critical  erection  operation.  The  first  two  opera- 
tions required  adjustments  of  the  arch  trusses,  and  to  determine  the 
amounts  of  these  adjustments  it  was  necessary  to  calculate  the  deflec- 
tions of  certain  points  of  the  trusses  during  erection. 

To  obtain  a  clear  illustration  of  the  elastic  deformation  of  the 
trusses  during  erection,  and  for  the  purpose  of  comparison  with 
observations  in  the  field,  complete  deflection  diagrams  for  the  various 
erection  stages  were  prepared.  The  diagrams  for  the  principal  stages 
are  shown  on  Plate  XXXIV.  The  deflections  of  the  arch  trusses  during 
the  cantilever  conditions  were  due,  first,  to  the  elastic  deformation  of 
the  trusses  themselves  from  dead  load  and  weight  of  traveler,  etc. ; 
second,  to  the  elastic  deformation  of  the  back-stays  from  the  same 
loads;  and,  third,  to  the  change  in' length  of.  the  members  from  tem- 
perature changes.  These  deflections  were  very  considerable.  The 
total  deflection  of  the  bottom  chord  Point  ^2,  Wards  Island  side,  for 
instance,  under  the  extreme  cantilever  condition  and  at  normal  tem- 
perature (60°  Fahr.),  was  theoretically  as  follows:  ' 

Wards  Island       Long  Island 
side.  side. 

Vertical   downward  deflection....         20.6  in.         26.6  in. 
Horizontal  outward  deflection....  7.6  in.  8.1  in. 

At  a  temperature  of  30°  above  normal,  these  points  would  have 
moved  1.6  in.  farther  out,  which  would  have  resulted  in  an  overlap  of 
the  two  ends  of  about  19  in.  In  order  that  the  ends  of  the  two  arms 
should  clear  each  other  and  that  connection  at  the  center  could  be 
made  by  lowering  the  trusses,  it  was  necessary,  therefore,  to  erect  each 
half  in  a  raised  position  (revolved  around  its  end  bearing). 
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This  position  was  determined  so  that,  at  a  temperature  of  30°  Fahr. 
above  normal,  which  was  considered  the  extreme  high  temperature  at 
which  the  connection  might  have  to  be  made,  there  would  still  be  an 
opening  between  the  ends  of  the  two  arms  of  about  I2  in.,  to  allow 
for  discrepancy  between  theoretical  and  actual  deflections.  That  cor- 
responded to  an  opening  of  4.8  in.  at  normal  temperature  and  8.1  in. 
at  30°  below  normal.  The  raised  position  of  the  trusses  was  established 
by  making  the  eye-bar  links  of  the  back-stays  at  Points  F  shorter  than 
their  geometric  lengths.  Link  FFl  was  shortened  by  12^  in.  on 
the  Long  Island  side  and  by  11^^  i^-  o^  the  Wards  Island  side,  and 
FF2  by  If  in.  on  both  sides.  All  other  members  of  the  back-stays 
were  made  to  their  true  geometric  length,  and  the  pin  at  Point  F 
was  assumed  to  be  raised  to  its  normal  or  geometric  elevation.  The 
position  for  that  extreme  cantilever  condition  (Stages  12  and  12a)  and 
for  normal  temperature  is  shown  (by  full  lines)  in  the  third  diagram 
on  Plate  XXXIV.  The  positions  of  the  various  panel  points  are  given 
with  reference  to  the  geometric  position  of  the  arch  trusses  (shown 
by  dotted  lines). 

To  determine  the  required  range  of  adjustment  by  the  hydraulic 
jacks  at  Points  F,  that  is,  the  amount  by  which  Points  F  had  to  be 
lowered  by  the  jacks  to  close  the  opening  at  the  center  and  transform 
the  trusses  into  a  self-supporting  three-hinged  arch,  it  was  necessary 
to  calculate  the  position  of  the  trusses  for  the  latter  condition.  That 
position  is  shown  in  the  fourth  diagram  (Stage  13)  on  Plate  XXXIV. 
This  diagram  shows  also  the  intermediate  position  (dash  and  dotted 
line)  which  the  trusses  assumed  when  the  ends  of  the  two  arms  just 
came  into  contact,  without  transmitting  any  stress.  From  the  com- 
mencement of  lowering  to  this  intermediate  stage  the  movement  of 
the  trusses  was  only  a  downward  rotation  around  their  bearings ;  during 
the  remainder  of  the  movement  the  trusses  changed  their  elastic  form, 
rising  in  the  center  about  If  in.  and  sagging  at  the  quarter  points 
about  3  in. 

To  determine  the  movements  taking  place  during  the  operation 
of  releasing  the  lower  back-stay,  it  was  necessary  to  calculate  the 
positions  of  the  trusses  itnmediately  before  and  after  this  operation. 
These  positions  are  shown  in  the  first  and  second  diagrams  on  Plate 
XXXIV  (Stages  6  and  7).  The  position  at  Stage  7  is  obtained  from 
the  position  at  Stage  6  by  raising  Point  F  from  an  initial  low  position 


Fig.   29. — Erection  Stage,   September  30th,   1915.      Haising  Center  Piece  of 
Bottom  Chord,  Hell  Gate  Bridge. 


Fig.  30. — Hell  Gate  Bridge:  Erection  Stage,  October  4th,  1915. 


Flo.   ol. — Hell  Gate  BKiD&t.  .  Ekeliion  Stage,  November  1st,  1915. 


Fig.   32. — Hell  Gate  Bridge  :  Erection  Stage,  January  3d,  1916. 


Fig.  33. — Connecting  Bottom  Chord  Member,  Hell  Gate  Bridge. 


Fig.  34. — Connecting  Center  Panel  of  Bottom  Chord,  September  30th,  1915, 
Hell  Gate  Bkidge. 


Fig.   35. — Hell  Gate  Bridge  :  Center  Panel  Completely  Erected, 
October  4th,  1915. 
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to  the  normal  elevation  required  for  Stage  12.  To  keep  the  amount 
of  jacking  within  the  range  required  for  the  closing  operation,  it  was 
found  necessary  to  make  the  eye-bar  link,  l-g,  of  the  lower  back-stay 
shorter  than  its  geometric  length  by  5|  in.  on  the  Long  Island  side  and 
by  4:J  in.  on  the  Wards  Island  side. 

During  the  first  part  of  the  movement  from  Stage  6  to  Stage  7, 
during  which  the  upper  back-stay  gradually  took  its  full  stress,  the 
trusses  changed  their  elastic  form;  during  the  second  part,  after  the 
lower  back-stays  had  been  disconnected,  the  trusses  merely  revolved 
around  their  bearings.  The  intermediate  stage  is  not  shown  in  the 
deflection  diagrams.  The  total  vertical  movement  of  Panel  Point  11 
during  this  operation  was  9.6  in.  on  the  Long  Island  side  and  9.9  in. 
on  the  Wards  Island  side.  It  is  interesting  to  note,  also,  the  very 
considerable  horizontal  deflection  of  Points  F  at  the  top  of  the  back- 
stay column  during  this  operation,  amounting  to  10.4  in.  on  the  Long 
Island  side  and  11.2  in.  on  the  Wards  Island  side.  Fig.  37  shows  the 
theoretical  movements  of  the  hydraulic  jacks  and  the  positions  of  the 
pins,  F ,  at  the  various  critical  stages. 

Jacking  Operation  for  Change  from  Lower  to  Upper  Back-Stay. — 
When  Erection  Stage  6  (Plate  XXXIY)  had  been  reached,  the  upper 
back-stay  was  connected  to  the  truss  at  Panel  Point  11,  with  a  slight 
play  between  the  connecting  pin  and  its  bearing  on  the  gusset-plates 
of  the  truss.  The  shoes  at  F  were  then  jacked  up  until  the  pin  at  11 
got  a  firm  bearing  and  the  upper  back-stay  began  to  take  stress  (Fig. 
37a).  Jacking  was  then  continued  until  the  upper  back-stay  had 
taken  full  stress  and  the  lower  back-stay  could  be  disconnected  (Fig. 
37b).  After  this  the  shoes  were  further  raised  to  their  normal 
elevation  (Fig.  37c),  corresponding  to  the  required  position  of  the 
trusses  for  Stage  7.  The  calculated  total  raising  of  the  shoes  was 
22^  in.  The  shims  between  the  shoe  and  their  original  bearings  on  the 
Ijost  were  inserted  as  fast  as  the  jacking  proceeded,  and,  after  com- 
pletion of  the  jacking,  the  jacks  were  released. 

Actually,  the  procedure  on  the  Long  Island  side  differed  somewhat 
in  that  the  jacking  operation  was  discontinued  after  the  upper  tie 
had  taken  about  75%  of  its  stress.  Erection  was  then  continued  until 
the  seventh  panel  had  been  placed,  after  which  the  jacking  operation 
was  completed.  The  reason  for  this  procedure  was  that,  in  changing 
from  Stage  6  to  Stage  7,  the  foundation  pressure  under  the  counter- 
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weight  would  have  increased  from  2.0  to  3.9  tons  per  sq.  ft.  This 
sudden  increase  might  have  caused  excessive  settlement,  as  the  ground 
was  comparatively  soft.  By  adding  the  seventh  panel  and  moving  the 
traveler  to  Panel  Point  15  before  completing  the  jacking,  it  was 
possible  to  keep  the  foundation  pressure  within  3  tons. 

A  complete  record  of  this  jacking  operation  for  both  sides  is  given 
in  Tables  4  and  5.  It  shows  a  remarkable  coincidence  between  the 
jacking  heights  as  calculated  and  as  observed.  The  "effective"  jacking 
height,  that  is,  the  amount  of  jacking  from  the  moment  the  upper 
back-stay  started  to  take  stress  until  the  stress  in  the  lower  back-stay 
became  zero,  was  actually  11  in.  (north  truss)  and  llf  in.  (south 
truss),  on  the  Long  Island  side,  and  13  in.  (north  truss)  and  13  in. 
(south  truss),  on  the  Wards  Island  side,  as  compared  with  10§  in. 

TABLE   4. — Record  of   Jacking   for   Changing 


Date. 

1C 


Aug.  28. 
Aug. 31, 

Sept.  3 


Time. 


Sept.  8. 


Sept.  9. 


8.45 
9.30 
9.33 
9.38 
9.41 

9.46 


l.^^'ff    -,,i  ■ 


Remarks. 


Stage  6.— Lower  stay  fully  stressed 

Slight  jacking  to  take  out  slack  in  upper  stay. 

Continued  jacking  and  stopped  at 

Started  jacking  at 

Continued  jacking •iiii- ■  ■Q'iP- 

Continued  jacking 

Continued  jacking 

Continued  jacking  and  stopped  at 


Jacks  lowered  to  bearing  on  shims. 


Raised  jacks— 7  panels  erected 

Continued  jacking  to  remove  pins  in  lower 
stay 


Total  effective  jacking  from  0  to  full  stress 
in  upper  stay 

Continued  jacking  after  removing  pins  in 
lower  stay 

Raised  jack  to  level  up  pins  over  jacks  and 
at  Panel  Point  No.  11 


Height  of  Shims. 


Observed  : 


N. 
Truss. 


Inches. 


4^t 
6 

14J4 
IB?! 

175A 


It 
ITM 

13 

23-io 
32^ 


S. 
Truss. 


Inches. 


3?^t 
5% 
6»,i,, 
14^ 
15^ 

y:% 

16J4 
17^ 

21J^ 


Calc. 


Inches. 


191^ 


191^ 

131^ 
2214 
23)^ 


1;  Q, 


93 
97 

100 


No  allowance  made  for  friction,     t  Interpolated,  not  observed,      t  Stress  falling  rapidly. 
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(Long  Island  side)  and  13^  in.  (Wards  Island  side),  respectively,  as 
calculated.  The  tables  also  show  a  close  agreement  between  the  tension 
stresses  in  the  eye-bar  links  of  the  upper  and  lower  back-stays  as 
calculated  and  as  actually  observed  in  the  field  by  extensometer 
measurements.  This  proves  the  practicability  of  such  measurements 
and  their  value  as  a  means  of  checking  stresses  for  similar  operations. 
The  discrepancy  between  the  calculated  jack  pressures  and  the  values 
observed  on  the  pressure  gauge  is  due  to  the  friction  between  the 
plunger  and  the  cylinder. 

Jacking  Operation  for  Closing  Arch. — The  closing  of  the  trusses 
at  the  center  and  their  transformation  from  cantilevers  into  three- 
hinged  arches  proceeded  as  follows:  As  the  Erection  Stages  12  (Wards 
Island  side)  and  12A  (Long  Island  side)  (Plate  XXXIV)  had  been 
BacTv-stays — Hell  Gate  Arch — Wards  Island  End.  ^ 


Jack  Pressure. 

Tension  in  Lower  Stay 
(Eye-bar  Links). 

Tension  in  Upper  Stay 
(Eye-bar  Links). 

Meas. 

Calc* 

Observed: 

Calc. 

Observed: 

Calc. 

N. 
Truss. 

S. 
Truss. 

N. 
Truss. 

S. 
Truss. 

Remarks. 

Pounds 

per 

square 

inch. 

Pounds 

per 

square 

inch. 

Pounds 

per 

square 

inch. 

Pounds 

per 

square 

inch. 

Pounds 

per 
square 
inch. 

Pounds 

per 

square 

inch. 

Pounds 

per 

square 

inch. 

Pounds 

per 
square 
inch. 

iUii  yili  \.j1 

0 

0 

19  500 
19  500 
17  100 

19  950 
19  950 

17  000 

18  160 
18  160 
16  200 

0 

0 

1  050 

0 

0 

1  950 

0 

0 

1  050 

Before  any  jacking,  6  pan- 
els erected. 
Upper  stay  begins  to  act. 

In     this    condition    until 

Sept.  2d,  1915. 
Traveler  moved  off  jacks 

before  starting. 
Extensometer  readings  in 

lower  stay. 
Extensometer  readings  in 

lower  stay. 
Extensometer  readings  in 

lower  stay. 
Lower  stay  eye-bars  tested 

and  found    slack— 

Stage  7. 
In  this  condition  till  Sept. 

8th. 

500 
500 

220 
200 
1  200 
1  400 
1  500 
1  550 

1  430 
1  660 
1  710 
J" 

1  300 

11  400i 
900 

2  400 

2  700 

150 

2  400 

4  300 

1  900 

600 

0 

1  500 

600 

0 

1  500 

1  700 

1  725 

7  500 

8  500 

8  960 

9  250 

1  600 
1  900 

7  650 

8  060 

2  000 

150 

10  200 

10  670 

Pins    removed    to  discon- 
nect lower  stay. 

2  050 

1  710 

Stage  8.— Jacking   com- 
pleted. 
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reached,  the  jack  plungers  were  brought  to  bear  against  the  shoes  at 
Points  Fj  which  were  in  the  position  shown  in  Fig.  37c,  and  lifted 
them  slightly  so  that  the  removal  of  the  shim  plates  from  under  the 
shoes  could  be  started.  The  jacks  were  then  lowered  until  the  bottom 
chords  came  into  contact  at  Point  22,  Wards  Island  side.  After 
lowering  a  little  farther,  so  as  to  produce  a  slight  initial  stress  in  the 
center  chord,  jacking  was  stopped.  The  connection  was  then  made  at 
22,  Wards  Island  side,  with  bolts  and  drift-pins.  The  jacks  were  then 
lowered  farther,  until  the  upper  back-stay  tie  was  relieved  of  stress 
(Fig.  37 d).  -.i\5-v>. 

Table  5  gives  the  record  of  this  operation,  and  shows,  again,  a 
close  agreement  between  the  calculated  and  actual  "effective"  jacking 
heights,  that  is,  the  amount  of  jacking  from  the  moment  the  ends  of  the 
two  arms  came  to  bear  to  the  moment  when  the  stress  in  the  back-stays 
became  zero.  This  height  was  actually  15  in.  at  both  trusses  on  the 
Long  Island  side  and  12^  in.  (north  truss)  and  12^^^  in.  (south  truss) 
on  the  Wards  Island  side,  as  compared  with  14|  in.  (Long  Island  side) 
and  12y3g^  in.  (Wards  Island  side),  respectively,  as  calculated.  The 
opening  at  the  center,  before  lowering  started,  was  actually  4^^^^  in. 
at  a  temperature  of  56°  Fahr.,  as  compared  with  4|  in.  as  calculated 
for  the  normal  temperature  of  60°  Fahr.  Panel  Points  22  were  found 
to  be  on  an  average  1  in.  lower  than  the  theoretical  position,  which  is 
a  very  small  deviation  for  such  a  great  span.  A  difference  in  tempera- 
ture of  10°  would  have  been  sufficient  to  produce  that  difference  in 
elevation. 

Weather  conditions  were  very  favorable  for  the  closing  operation, 
the  sky  having  been  covered  and  the  temperature  nearly  constant  at 
56°  Fahr.  Great  care  had  to  be  exercised  to  bring  the  ends  of  the  two 
arms  into  perfect  contact,  and,  after  that,  it  was  important  to  insure 
the  simultaneous,  proportionate  lowering  of  all  four  jacks,  as  otherwise 
serious  shearing  stresses  might  have  been  caused  in  the  center  con- 
nection. This  was  secured  by  a  telephone  system  through  which  con- 
stant communication  was  kept  between  the  men  in  charge  at  the  tops 
of  the  erection  towers,  where  the  jacks  were  operated,  at  the  center  of 
the  arch,  and  at  the  main  field  office. 

During  the  release  of  the  back-stays  the  foundation  pressure  under 
the  counterweights  would,  without  reduction  of  the  latter,  have  been 
gradually  increased  from  2.0  to  7.8  tons  per  sq.  ft.     This  might  have 
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DIAGRAM   OF  MOVEMENTS  OF  3000-TON 
HYDRAULIC  JACKS 


Normal  Location  C.L.  of  Pin,A^  (^El.  322.593' 


Location  of  Jack  Plunger 

to  connect  Upper  Back  stay  at 

Panel  Point  No.  11 

(a) 


Location  of  Jack  Plunger 

to  disconnect  Lower  Back-etay  at 

Panel  Point  No.  1 

(6) 


Location  of  Jack  Plunger 

to  contimie  erection  after  connection  of  fpper 

Back-stay  at  Paael  Point  No.  11.  and  disconnection 

of  Lower  Back-stay  at  Panel  Point  No.  1, 

(c) 


Location  of  Jack  Plunger 

to  disconnect  Upper  Back-slay  at 

Panel  Point  No.  IL 

(d) 


Fig.  37. 
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caused  excessive  settlement  of  the  comparatively  soft  ground  on  the 
Long  Island  side  and  interfered  seriously  with  the  closing  operation. 
To  relieve  the  foundation  pressure,  the  removal  of  part  of  the  earth 
fill  from  the  counterweight  box  was  started,  therefore,  immediately 
after  the  trusses  had  come  into  contact,  and  was  kept  up  as  fast  as 
possible  while  the  arch  was  being  lowered  into  the  self-supporting  posi- 
tion. At  the  same  time,  levels  were  constantly  taken  to  observe  the 
settlements  which  took  place.  The  average  settlement  observed  was 
2i  in.,  which  was  not  sufficient  to  cause  any  disturbance  at  the  center. 
For  emergency  the  eight  500-ton  hydraulic  jacks  were  ready  to  raise 
the  counterweight,  if  this  had  become  necessary. 

The  engineers  and  field  force  of  the  American  Bridge  Company, 
particularly  C.  G.  E.  Larsson,  M.  Am.  Soc.  C.  E.,  Assistant  Chief  Engi- 
neer, who  took  personal  charge,  deserve  full  credit  for  the  well-organ- 
ized and  careful  manner  in  which  this  critical  operation  was  carried  out. 

TABLE  5. — Record  of  Jacking  Operation  for 


Date. 


Time. 


Oct.  1,  1913. 


9.30 


9.35 
10.05 
10.23 
10.30 
10.53 

11.00 

11.15 

11.28 
1.05 


2.15 


Summary . 


Stage  of  closing  operation. 


Position  of  jacks  unchanged  since  July  23, 
1915.  Started  to  raise  jacks  to  loosen  shim 
plates 

Shim  plates  loose.    Started  to  lower  jacks. . 

Stopped  lowering  to  bolt  diagonals  at  22  A. . . 

Started  lowering  again 

Stopped  lowering 

Raised  south  jack  to  match  eiev.  of  S.  Truss 
of  22  A 

Started  lowering  again 


Chords  touching  at  22  A.  Temp.  56°  Fahr 

Stopped  lowering  to  bolt  connections  at  22  A. 
Started  lowering  again  and  unloading  coun- 
terweight  

f  Finished  lowering  jacks,  stays  14  in.  slack.  ] 

J  Arch  self-supporting,  3-hinged | 

1  Total  settlement  of  counterweight.  N  =  8  {" 
t     in.,S  =  l%in J 


Total  lowering  of  jacks  to   make  chords 
touch 


[Additional  lowering  to  release  stays. 


Height  of  Shims. 


Observed. 


N.  Truss.  S.  Truss 


Inches. 


229/16 

24 

21H 

21M 


301^ 
19% 


4% 


2iVi« 
15 


Inches. 


■22% 
23% 

sm 
21M 
208/16 

21 

20^ 


18J4 
18M 

4% 


Calc. 


Inches. 


17% 


4yie 


2%t 


*  Discrepancy  between  actual  and  calculated  due  to  trusses  being  lower  than  calculated 

before 
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Transforming  Trusses  from  Three-Hinged  Into  Two-Hinged 
Arches. — The  transformation  of  the  trusses  from  three-hinged  into 
two-hinged  arches  required  the  connection  of  the  top  chord  and  one 
of  the  diagonals  of  the  center  panel  of  each  truss  at  normal  tem- 
perature (60°  Fahr.).  These  members  had  been  erected  immediately 
after  the  closing  of  the  arch,  but  had  been  left  bolted  at  one  end  and 
free  to  move  at  the  other. 

The  connection  at  the  free  end  required  drilling  the  rivet  holes 
from  the  solid,  and  riveting.  Although,  during  these  operations,  no 
elastic  deformations  of  the  arch  trusses  from  loads  took  place,  as  the 
members  were  to  be  connected  without  initial  stress  at  normal  tem- 
perature, it  was  to  be  expected  that,  during  the  drilling  and  riveting, 
which  work  took  several  days,  there  would  be  changes  in  temperature. 
In  order  to  prevent  movements  of  the  connection  after  the  drilling  of 
holes  had  once  started,  the  Bridge  Company  resorted  to  an  ingenious 

Closing — Hell  Gate  Arch — Long  Island  End. 


> 

9  *^ 

ti  ® 

0)  ft 

Jack 

Pressitrk. 

Opening  Bet.  Bottom 

Chords 

AT  Point  22. 

Elev.  of  Panel  Point 
22  L.  I. 

Ob- 
served. 

Calc.t 

Calc. 

Observed. 

Theo- 
retical. 

Observed. 

Condition 
of 

N.  Truss. 

S.  Truss. 

arch. 

2^ 
S5 

Pounds 

per 
square 
inch. 

PouLds 

per 

square 
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device  to  hold  the  ends  in  place.  A  rod,  8  in.  in  diameter  and  16  ft. 
long,  of  sufficient  strength  to  resist  any  possible  tension  or  compres- 
sion from  changes  in  temperature,  was  introduced  into  each  top  chord, 
extending  across  the  open  joint  of  the  chord  at  Panel  Point  23,  Wards 
Island  side.  Each  end  of  the  rod  was  secured  with  double  nuts  to  a 
diaphragm  riveted  to  the  chord  (Fig.  38). 

On  a  favorable  day,  when  the  temperature  was  practically  normal 
and  uniform  over  the  whole  structure,  the  nuts  on  these  rods  were 
tightened,  with  a  slight  initial  stress  in  the  rods.  From  this  moment 
all  stresses  were  taken  by  the  rods,  thus  relieving  the  ends  of  the 
chords  and  permitting  the  drilling  and  riveting  without  disturbance. 
The  rods  were  left  in  place,  and  therefore  partook  in  resisting  the  chord 
stresses. 

Field  Riveting,  Bolting,  and  Drifting. — A  total  of  333  960  iield 
rivets,  or  about  17  per  ton  of  steelwork,  had  to  be  driven  in  the  Hell 
Gate  Bridge,  not  including  those  driven  in  some  connections  of  the 
back-stays.  About  two-thirds  of  this  number,  or  202  404,  are  li  in.  in 
diameter  and  have  grips  up  to  9J  in.  Their  shape  has  been  described 
under  "Workmanship  and  Fabrication."  The  connections  of  the  back- 
stay trusses  were  in  general  made  with  80%  of  drift-pins  and  20% 
of  bolts.  _\\   __  ? 

All  truss  connections  were  made  temporarily  with  bolts  and  drift- 
pins.  From  25  to  60%  of  the  rivet  holes  were  filled  with  drift-pins,  or 
a  number  sufficient  to  carry  the  entire  erection  stress.  About  50% 
of  the  holes  were  filled  with  bolts  to  tie  the  different  parts  firmly 
together.  The  bolts  were  not  supposed  to  transmit  any  stress.  The 
riveting  of  the  connection  of  the  web  members  and  of  the  six  end 
panels  of  the  top  chord  was  permitted  to  proceed  by  gradually  replac- 
ing the  pins  and  bolts  with  rivets  after  the  erection  had  proceeded  at 
least  three  panels  ahead.  The  riveting  of  the  bottom  chord  connections 
and  of  the  middle  panels  of  the  top  chord,  however,  was  deferred  until 
the  arch  had  become  self-supporting  and  the  bottom  chord  carried  the 
greater  part  of  the  dead  load.  The  object  was  to  allow  the  joints  of 
these  compression  chords  to  come  into  full  and  forcible  contact,  and 
transmit  a  greater  unit  stress  than  the  splicing  material  after  the 
riveting  had  been  completed.  As  the  bottom  chords  had  been  planed 
at  one  end  to  a  three-plane  face,  as  explained  previously,  the  two  outer 
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thirds  of  each  joint  formed  wedge-shaped  openings  when  the  member 
was  put  in  place.  As  had  been  anticipated,  the  openings  gradually 
closed  as  the  stress  increased,  and  particularly  when  the  drift-pins 
were  replaced  by  rivets.  It  may  be  assumed,  therefore,  that  the  bear- 
ing stress  across  the  joint  from  dead  load  increases  from  nearly  zero 
at  the  edges  to  a  maximum  over  the  middle  third  of  the  joint,  and  that 
dangerous  edge  pressures  are  thus  avoided.  Part  of  the  dead-load 
stress,  of  course,  remained  in  the  splice  material,  as  the  gradual  replac- 
ing of  the  drift-pins  by  rivets  did  not  entirely  relieve  the  splice  material 
from  stress.  The  additional  stresses  from  live  load  and  other  forces 
are  shared  proportionally  by  the  full  joint  and  the  splice  material. 

All  field  riveting  was  done  by  pneumatic  hammers  with  pneumatic 
buckers-up,  as  described  elsewhere.  Air  was  delivered,  with  a.  pres- 
sure at  the  tool  of  about  120  lb.  per  sq.  in.,  from  two  compressors,  one 
on  each  side  of  the  river.  From  twelve  to  seventeen  riveting  gangs 
were  employed  on  the  bridge.  The  average  daily  output  for  rivets 
1|  in.  in  diameter  was  135  per  gang  and  the  maximum  daily  output 
of  one  gang  was  356. 

Storing,  Shipping,  Unloading,  and  Handling  Steelwork. — Material 
from  the  shops  was  delivered  by  rail,  and  stored  at  the  Pennsylvania 
Railroad  freight  yards  at  Greenville,  N.  J.  Special  low  cars  were 
required  for  the  transportation  of  the  heavy,  deep  chord  members 
(Fig.  36).  From  Greenville  the  material  was  re-shipped  on  car- floats  up 
the  East  River  to  the  bridge  site  as  needed  during  the  erection. 

On  both  shores  of  the  river  docks  had  been  built  for  unloading  the 
materials,  each  having  been  provided  with  a  65-ton  double,  stiff-leg 
derrick.  These  docks  were  also  used  for  delivering  materials  for  the 
masonry.  The  members  for  the  three  end  panels  of  the  arch  were 
raised  from  the  ground  or  dock  by  the  arch  traveler  (Fig.  26),  those 
for  the  other  panels  were  floated  on  a  barge  to  a  position  under  the 
arch  traveler,  and  raised  by  the  latter  directly  from  the  barge  (Fig. 
28).  To  facilitate  and  expedite  the  lifting  and  putting  into  place,  a 
special  hitch  was  temporarily  attached  to  each  heavy  member  above  its 
center  of  gravity.  This  was  placed  so  that  the  member  would  hang  in 
the  same  relative  position  as  it  was  to  occupy  in  the  structure. 

Travelers. — The  four  powerful  creeper  travelers,  one  pair  on  the 
back-stays  and  one  pair  on  the  arch  proper,  had  been  specially  designed 


HELL  GATE  ARCH  BRIDGE  957 

and  built  for  the  erection  of  the  arch  bridge.  They  were  of  the  pyram- 
idal shape,  with  a  vertical  A-frame  over  the  front  trucks  and  a  single 
central  boom,  except  that  the  arch  travelers  were  also  provided  each 
with  two  light  auxiliary  booms  which  carried  the  working  platforms, 
or  cages,  and  other  light  loads  (Fig.  26).  Fig.  39  shows  the  details  of 
the  arch  traveler. 

On  account  of  the  variable  inclination  of  the  chords  over  which  the 
travelers  had  to  run,  the  rear  corners  of  the  traveler  platform  rested 
on  telescoping  columns  which  were  adjustable  in  height  so  that  the 
platform  could  always  be  kept  horizontal.     The  following  are  the  prin- 

'  Arch  traveler.  Back-stay  traveler. 

Maximum  lifting  capacity.  175  tons  (54  ft.  radius)  62  tons  (64  ft.  radius) 

(45  ft.  side  reach).  (50  ft.  side  reach) 

Heaviest  pieces  lifted ISO  tons 62  tons. 

Total  weight,  inclusive  of 

equipment 315  tons 166  tons. 

Height  of  A-frame 48  ft 53  ft. 

Length  of  boom 65  ft 112  ft. 

Main  falls 26-part  |-in.  wire  rope.  12-part  |-in.  wire  rope. 

Boom  falls 36-part    "       "      "     .  26-part   "      ''        '' 

Falls  for  moving  traveler... Two   12-part   2-in.  )    j  Four  12-part  2-iu. 

manila  rope....  )     (        manila  rope. 

Maximum  lift 300  ft 300  ft. 

Motors Two  240-h.p.  electric...  One  100-h.p.  electric. 

The  back-stay  travelers,  with  some  modifications,  were  used  subse- 
quently for  the  erection  of  the  Wards  and  Long  Island  plate-girder 
viaducts. 

Power  Plant. — Electric  power  was  used  exclusively  for  the  opera- 
tion of  the  travelers  and  air  compressors.  Alternating  current,  with 
a  voltage  of  from  7  200  to  8  200  and  an  amperage  of  from  40  to  55, 
was  received  from  the  Astoria  Station  of  the  New  York  and  Queens 
Electric  Light  and  Power  Company.  It  was  transformed  at  the  bridge 
site  into  direct  current  with  a  voltage  of  from  550  to  600  and  an  am- 
perage varying  from  50  to  900  according  to  the  load,  by  a  3-phase 
60-cycle  Allis  Chalmers  motor  generator  set,  with  a  capacity  of  about 
500  h.p.  Each  of  the  two  IngersoU  air  compressors  was  driven  by  a 
75-h.p.  electric  motor,  and  had  a  capacity  of  225  cu.  ft.  of  free  air 
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compressed  per  minute  to  a  pressure  of  at  least  135  lb.  per  sq.  in.  at 
the  cylinder. 

Progress. — The  following  are  the  principal  dates  in  connection  with 
the  erection  of  the  Arch  Bridge  (see  also  Plate  XXXIII)  : 

Long  Island  side.      Wards  Island  side. 

Erection  of  back-stays  started September,  1914     January,  1915 

Erection  of  arch  proper  started January,  1915         May,  1915 

First   six   panels   erected June,  1915  August,  1915 

Arch  closed October  1st,  1915 

Suspenders  and  floor  system  erected . .  January,  1916 

Back-stays  dismantled April,  1916 

Riveting   completed September,  1916 

Contractors'  Organization. — The  work  of  the  American  Bridge  Com- 
pany was  vmder  the  general  charge  of  C.  W.  Bryan,  M.  Am.  Soc.  C.  E., 
Chief  Engineer,  and  the  immediate  charge  of  Mr.  C.  G.  E.  Larsson, 
Assistant  Chief  Engineer.  Mr.  J.  B.  Gemberling,  Division  Erection 
Manager,  had  charge  of  the  erection.  The  contractor's  field  organiza- 
tion consisted  of  a  general  foreman,  three  assistant  engineers,  one  fore- 
man, and  an  average  daily  force  of  140  specially  picked  men.  The 
maximum  force  at  any  one  time  was  270  men.  There  were  two  sep- 
arate erection  gangs,  one  on  each  side  of  the  river.  ■  luiallfi"; 

Unusual  precautions  were  taken  for  the  safety  of  the  workmen. 
Only  5  men  lost  their  lives,  mostly  due  to  their  own  carelessness.  Hand 
ropes  and  temporary  wooden  railings  were  provided  on  many  members, 
and  special  steel  cages  with  comfortable  platforms  were  hung  from  the 
travelers  or  from  the  steelwork  for  the  convenience  of  the  men  working 
on  the  truss  connections  (Fig.  33). 

12. — Approaches. 
The  bridge  and  viaduct  approaches  to  the  Hell  Gate  Bridge  con- 
sist of  2  735  lin.  ft.  of  steel  truss  bridges,  10  818  lin.  ft.  of  plate-girder 
viaducts,  and  3  228  lin.  ft.  of  embankment  between  reinforced  concrete 
retaining  walls,  with  arches  over  the  streets.  Except  for  the  bascule 
spans  of  the  Bronx  Kill  Bridge,  which  have  open  tie  flooring,  all 
bridges  and  viaducts  carry  ballasted  tracks  on  concrete  slabs,  weigh- 
ing 3  500  lb.  per  lin.  ft.  of  single  track.  The  live  load,  quality  of 
steel,  and  permissible  unit  stresses  are  given  under  "Material"  and 
''Loads  and  Unit  Stresses,"  •,'     if'     -    f  --   •-  - 
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Except  for  the  Wards  and  Long  Island  Viaducts,  which  were  fabri- 
cated and  erected  by  the  American  Bridge  Company  in  connection 
with  the  Hell  Gate  Bridge,  all  steel  of  the  bridges  and  viaducts  of  the 
approaches  was  fabricated  and  erected  by  the  McClintic-Marshall  Con- 
struction Company,  of  which  Paul  L.  Wolfel,  M.  Am.  Soc.  C.  E.,  is 
Chief  Engineer  and  E.  A.  Gibbs,  Assoc.  M.  Am.  Soc.  C.  E.,  Manager 
of  Erection.  The  masonry  and  foundation  work  was  carried  out  by 
the  following  contractors :  T.  A.  Gillespie  Company,  Arthur  McMullen, 
Patrick  Eyan  Construction  Corporation,  and  The  Snare  and  Triest 
Company.  The  earthwork  was  done  by  the  Holbrook,  Cabot  and 
Rollins  Corporation. 

Little  Hell  Gate  Bridge. 

The  arm  of  the  East  River,  called  Little  Hell  Gate,  which  separates 
Randalls  and  Wards  Islands,  is  about  1  050  ft.  wide  at  the  bridge  site. 
The  tracks  of  the  New  York  Connecting  Railroad  cross  the  channel  at 
an  angle  of  about  70°  and  at  a  height  of  110  ft.  above  mean  high  water. 
The  tidal  currents  are  very  swift,  and  navigation,  except  for  small 
craft,  is  further  obstructed  by  the  shallow  depth  of  the  water  and  the 
presence  of  rocks,  which,  in  some  places,  protrude  above  the  low-water 
level.  In  winter  considerable  quantities  of  ice  are  carried  through 
with  great  force.  The  rock  bottom  is  in  the  average  only  15  ft.  below 
mean  high  water. 

Although  the  War  Department  plans  eventually  to  cut  a  channel 
24  ft.  deep  and  600  ft.  wide  through  this  stream,  navigation  will  proba- 
bly never  be  important,  and  it  was  not  considered  necessary  to  provide 
a  movable  bridge  for  the  passage  of  high-masted  vessels.  Plans  were 
first  made  for  a  bridge  1  050  ft.  long,  consisting  of  six  deck-truss  spans 
with  parallel  chords.  The  spans,  which  varied  in  length  from  145  to 
205  ft.,  were  to  rest  on  solid  concrete  piers.  This  design  would  have 
secured  an  economical  structure,  but  it  did  not  meet  with  the  approval 
of  the  War  Department,  which  considered  the  obstruction  to  the  river 
excessive  and  the  clear  head-room  above  the  water  insufficient. 

In  the  design  finally  adopted  (Plate  XXXV)  the  number  of  spans 
is  reduced  to  fovir,  with  an  aggregate  length  of  1 153  ft.  6  in.  between 
centers  of  abutment  piers.  The  latter  piers  are  square,  whereas  the 
three  river  piers  are  skew.  The  two  intermediate  spans  are  296  ft. 
6  in.  long;  the  end  spans  are  280  ft.  2  in.  on  the  center  line  of  the 
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bridge,  or  296  ft.  6  in.  on  the  center  line  of  the  longer  truss,  so  that  only 
two  different  sizes  of  trusses  were  required.  The  deck  trusses,  two  for 
each  span,  were  made  of  the  bowstring  type  so  as  to  give  additional 
clear  height  near  the  piers  for  higher  vessels  which  might  occasionally 
pass  underneath.  The  river  piers  were  reduced  in  size,  each  to  two 
cylindrical  shafts  25  ft.  in  diameter  at  the  water  line,  so  as  to  offer 
the  least  resistance  to  the  flow  of  water  and  ice.  A  through-truss 
bridge  would  have  given  more  clearance,  but  would  have  been  con- 
siderably more  expensive  on  account  of  the  greater  width,  and  would 
not  have  harmonized  in  appearance  with  the  approach  viaducts  as 
well  as  the  adopted  type.  The  architecture  of  the  piers  and  abutments 
is  similar  to  that  of  the  viaduct  piers.  The  slender,  slightly  battered 
river  piers,  in  combination  with  the  graceful  outline  of  the  trusses, 
give  the  bridge  a  very  pleasing  appearance  (Fig.  40).  The  ends  of 
this  important  structure  are  befittingly  marked  by  towers  extending 
above  the  track  floor  at  each  abutment. 

All  foundations  are  on  solid  rock,  and  were  placed  by  open  coffer- 
dams. The  piers  and  abutments  are  of  concrete,  except  that  between 
Elevation  10.7  ft.  above  mean  high  water  and  1.2  ft.  below  mean  low 
water  the  concrete  is  protected  against  disintegration  by  granite 
facing. 

The  two  trusses  are  52  ft.  apart  on  centers,  and  have  a  greatest 
depth  of  50  ft.  at  the  center.  The  bottom  chord  has  a  parabolic  shape, 
and  is  made  up  of  from  ten  to  thirteen  lines  of  structural-steel  eye- 
bars,  16  in.  wide,  lap  to  21  in.  thick,  and  more  than  38  ft.  long,  con- 
nected by  16-in.  pins.  All  other  members  are  riveted.  Eye-bars  were 
selected  in  this  case,  as  they  effected  a  considerable  saving  over  riveted 
chords.  The  type  of  truss  is  economical,  as  the  chords  are  of  nearly 
uniform  section  and  the  web  members  are  very  light.  The  secondary 
stresses  in  the  end  panels  are  comparatively  large,  but  those  from  dead 
load  have  been  practically  eliminated  by  making  the  joints  and  angles 
between  members  in  accordance  with  the  geometric  form  of  truss  and 
swinging  the  spans  clear  of  falsework  before  the  connections  were 
riveted.  The  trusses  are  connected  by  a  rigid  top  lateral  system  and 
also  by  stiff  sway-frames  at  each  vertical  post.  No  lateral  system  is 
provided  along  the  bottom  chord,  as  it  was  considered  preferable  to 
have  the  wind  force,  which  acts  along  this  chord,  transmitted  to  the 
lateral  system  between  the  stiffer  top  chords. 


963  HELL  GATE  AECH  BRIDGE 

The  two  end  spans  have  fixed  bearings  over  the  abutments ;  all  bear- 
ings over  the  piers  are  movable,  an  expansion  joint  being  provided  over 
the  center  pier.  With  this  arrangement  the  piers  could  be  made  con- 
siderably narrower,  as  they  do  not  have  to  resist  the  longitudinal  force 
from  braking.  To  avoid  the  transmission  of  any  longitudinal  force 
to  the  piers  through  friction,  the  bearings  are  provided  with  cast-steel 
rockers  of  the  unusual  height  of  24  in.  The  relative  movement  of  the 
two  bearings  at  the  center  pier  is  as  much  as  ziz  6  in. 

The  four  spans  were  erected  successively  on  unusually  heavy  timber 
falsework  (Fig.  41).  A  total  of  360  000  ft.  b.m.  of  timber  was  required 
for  each  span.  Each  panel  point  was  supported  by  a  double  bent 
strongly  braced  transversely  and  longitudinally.  The  piles  had  to  be 
braced  above  and  below  water  level  on  account  of  their  small  penetra- 
tion and  the  strong  current  of  the  river.  The  steel  was  handled  with 
a  steel  gantry  traveler,  which  weighed  275  tons,  inclvisive  of  equip- 
ment. Erection  was  started  in  February,  and  completed  in  November, 
1915. 

The  bridge  contains  25  700  cu.  yd.  of  masonry  and  11  250  tons  of 
steelwork.  The  cost  of  construction,  inclusive  of  tracks,  was  approxi- 
mately $990  000. 

Bronx  Kill  Bridge. 

The  tracks  of  the  New  York  Connecting  Railroad  cross  Bronx  Kill, 
which  separates  Randalls  Island  from  the  main  land,  at  an  angle  of 
about  72°  with  the  channel  and  at  a  height  of  75  ft.  above  mean 
high  water.  Bronx  Kill  is  here  about  600  ft.  wide  between  shore  lines, 
and  320  ft.  between  bulkhead  lines  as  established  by  the  War  De- 
partment. Under  present  conditions,  it  is  naAagable  only  for  small 
boats.  The  river  bottom  consists  of  various  strata  of  river  mud,  sand, 
gravel,  and  clay  overlying  the  gneiss  bed-rock,  the  surface  of  which 
falls  from  both  shores  to  a  maximum  depth  of  about  110  ft.  below 
mean  high  water  under  the  north  abutment.  According  to  plans 
of  the  War  Department,  Bronx  Kill  is  to  be  improved  by  dredging 
a  channel  24  ft.  deep  and  480  ft.  wide,  principally  for  the  purpose 
of  decreasing  the  excessive  tidal  currents  in  the  East  River,  and 
incidentally  to  provide  a  direct  passageway  for  deep-draft  vessels 
between  the  Harlem  River  and  the  upper  East  River.  For  this  reason 
the  War  Department  required  a  movable  bridge  having  two  clear 
openings,  of  at  least  120  ft.  each,  at  right  angles  to  the  channel. 


Fig.   40. — LiTTLK  Hell  Gate  Briuge. 


Fig.  41. — Erection  of  Little  Hell  Gate  Bridge. 
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The  available  height  of  75  ft.  from  top  of  rail  to  mean  high 
water  would  have  been  siifficient  for  a  deck  bridge,  which  would  have 
been  more  economical  than  a  through  structure.  The  latter  type  was 
adopted,  however,  in  order  to  provide  sufficient  clear  height  for  all 
ordinary  navigation  to  pass  underneath,  and  thus  restrict  the  frequency 
of  opening  the  bridge  and  the  consequent  delay  to  railroad  traffic. 
This  consideration  was  important  in  view  of  the  prospective  heavy  . 
traffic,  and  on  account  of  the  heavy  grade,  on  which  it  is  difficult  to 
start  trains.  Comparative  designs  were  made  of  various  types  of 
movable  bridges,  including  the  horizontal  draw,  the  Scherzer  rolling 
lift,  and  the  Strauss  trunnion  bascule. 

The  horizontal  draw-bridge  would  have  necessitated  a  very  wide 
pier  which  would  have  obstructed  the  channel  excessively  and  would 
have  required  very  costly  foundations.  The  Strauss  bascule  was  finally 
adopted  because  it  was  found  to  be  cheapest  in  first  cost,  that  is,  with- 
out operating  machinery,  counterweights,  etc.,  which  may  not  have  to 
be  put  in  for  many  years.  The  only  parts  of  the  moving  mechanism 
which  had  to  be  provided  are  the  trunnions  and  their  bearings,  and 
certain  connections  for  the  future  attachment  of  the  counterweight 
trusses. 

The  bridge  as  built  (Plate  XXXVI)  has  two  leaves,  each  175  ft. 
long  between  centers  of  trunnion  bearings  and  middle  pier.  Each 
leaf  acts  as  a  single  span  when  closed.  All  four  tracks  are  carried 
between  the  two  trusses,  which  are  60  ft.  apart  on  centers  and  45  ft. 
deep.     The  trusses  are  fully  riveted. 

Each  abutment  consists  of  four  rectangular  piers,  connected  in 
pairs  longitudinally  and  transversely  by  arched  concrete  walls,  and 
thus  forming  a  rectangular  enclosure  which  will  contain  the  counter- 
weights and  hide  them  from  view  when  the  bridge  is  closed.  The  two 
transverse  walls  support  a  70-ft.  plate-girder  span  which  now  carries 
the  tracks  and,  ultimately,  will  carry  the  operating  machinery.  The 
intermediate  pier  consists  of  two  circular  shafts  joined  by  a  light 
concrete  arch.  The  abutments  and  pier  are  architecturally  treated  to 
conform  in  appearance  to  the  adjoining  viaduct  piers  (Fig.  42). 

All  piers  were  sunk  by  the  pneumatic  process,  wdth  timber  caissons, 
to  depths  of  from  30  to  105  ft.  below  mean  high  Avater.  At  the  water 
level  the  concrete  is  protected  with  granite  facing  in  a  manner  similar 
to  that  adopted  for  the  piers  of  the  Little  Hell   Gate  Bridge.     The 
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steel  truiiiiious,  around  which  the  trusses  will  turn,  are  of  exceptional 
size,  being  30  in.  in  diameter  and  10^  ft.  long.  The  tracks  rest  on 
open  tie  flooring  securely  fastened  to  the  steel  floor  system. 

The  bridge  was  erected  on  heavy  timber  falsework,  one  span  at  a 
time,  256  000  ft.  b.m.  of  lumber  having  been  used  in  each  span.  The 
members  were  handled  with  the  50-ton  derrick  car  and  a  locomotive 
crane,  and  these  were  used  for  the  erection  of  the  adjoining  viaducts. 
Erection  was  started  in  August,  1914,  and  completed  in  March,  1915. 
The  principal  quantities  in  this  bridge  are : 

Masonry    28  300   cu.  yd. 

Steelwork : 

Two  TO-f t.  plate-girder  spans 470   tons 

Two  175-ft.  bascule  spans   (exclusive  of 

machinery    and    counterweights) ....         3  105  tons 

Total    3  575  tons 

Counterweights,  operating  machinery,  and  their  supports  are  es- 
timated to  require  about  750  tons  of  steel  and  1  300  cu.  yd.  of  concrete 
filling.  The  cost,  exclusive  of  counterweights  and  operating  machinery, 
but  inclusive  of  tracks,  was  approximately  $800  000. 

Bronx  Viaduct  North  of  132d  Street. 

General  Conditions. — The  design  and  construction  of  the  portion 
of  The  New  York  Connecting  Eailroad  designated  as  "Bronx  Viaduct 
north  of  132d  Street",  extending  from  132d  Street,  where  the  New 
Haven  and  the  Connecting  Roads  converge,  to  the  crossing  over  the 
New  York  and  Harlem  Railroad,  about  380  ft.  north  of  141st  Street 
(Plate  XXXVII),  presented  considerable  difficulties  on  accomit  of  the 
unfavorable  character  of  the  soil  and  the  proximity  of  the  four  New 
Haven  tracks,  with  a  siding  along  the  eastern  side  of  the  New  York 
Connecting  Railroad  from  132d  Street  to  the  De  La  Vergne  Machine 
Works  at  137th  Street.  The  two  easterly  New  Haven  tracks  were 
originally  located  alongside  the  two  westerly  tracks  and,  therefore, 
had  to  be  shifted  eastward,  to  make  place  for  the  construction  of 
the  two  westerly  New  York  Connecting  tracks.  This  had  to  be  done 
without  interruption  of  traffic  on  the  New  Haven  tracks.  Borings 
along  this  entire  section  indicated  a  top  layer  of  gravel,  coarse  sand. 


Fig.  42. — Bronx  Kill  Bridge. 


Fig.  43. — Concrete  Arch  over  Debevoise  (Second)  Avenue.  Long  Island  City. 
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and  ashes,  from  6  to  12  ft.  deep,  below  this  a  soft  stratum  of  silt  and 
mud  from  12  to  25  ft.  deep,  resting  on  a  harder  stratum  of  sand  and 
gravel.  Only  under  the  easterly  tracks  near  136th  Street  does  the 
rock, rise  to  a  few  feet  below  the  surface. 

In  1906,  or  about  6  years  previous  to  the  construction  of  the 
Connecting  Railroad,  the  New  Haven  Railroad  had  raised  its  four 
tracks  on  an  embankment,  65  ft.  wide  at  the  top  and  about  20  ft. 
above  the  original  ground  surface.  This  embankment  consists  of 
cinders,  earth,  gravel,  and  a  great  quantity  of  large  boulders;  the 
latter  have  gradually  settled  several  feet  into  the  original  soft  groiond 
and  have  caused  it  to  heave  on  the  sides.  Subsequently,  this  embank- 
ment had  to  be  widened  to  95  ft.  at  the  top,  when  the  two  easterly 
tracks'  were  shifted  to  their  present  location.  The  vicinity  of  this 
portion  of  the  line  is  built  up  mainly  with  industrial  buildings,  for 
which  reason  no  particular  consideration  had  to  be  given  to  the  archi- 
tectural treatment  of  the  structure. 

Embanhment  Portion. — On  the  portion  of  the  Bronx  Viaduct 
between  the  crossing  over  the  New  York  and  Harlem  Railroad  and 
loSth  Street,  it  was  found  most  economical  to  place  the  four  New  York 
Connecting  tracks  on  fill  between  reinforced  concrete  retaining  walls, 
the  streets  being  crossed  on  deck  plate-girder  spans.  The  two  retaining 
walls  which  enclose  the  fill  under  the  two  westerly  tracks — Nos.  5  and 
6 — rest  directly  on  the  New  Haven  embankment.  They  are  connected 
by  transverse  walls,  about  20  ft.  apart,  and  thus  form,  in  each  block 
between  streets,  a  monolithic  cellular  box  without  bottom.  Its  maxi- 
mum height  is  19  ft.  This  box,  with  the  fill  between,  forms  a  compact 
unit  which  exerts  a  practically  uniform  pressure  of  not  more  than 
1^  tons  per  sq.  ft.  on  the  embankment  beneath.  Settlements  of  the 
retaining  walls  were  expected,  but  they  can  have  no  serious  conse- 
quences. Since  their  completion  in  1914  a  maximum  settlement  of 
S  in.  has  been  obser\'ed,  without  any  sign  of  cracks  in  the  walls.  The 
abutments  of  the  street  crossings  are  independent  of  the  retaining 
walls,  and  rest  on  timber  piles.  This  plan  was  simple,  and  proved 
to  be  more  economical  than  any  other  that  could  have  been  used. 
Piles  under  the  retaining  walls  would  have  been  impracticable  on 
account  of  the  boulder  formation  of  the  New  Haven  embankment, 
and  the  expense  of  any  other  foundation  reaching  down  to  hard  soil 
would  have  been  excessive. 
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The  conditions  under  the  two  easterly  New  York  Connecting  tracks 
■ — Nos.  1  and  2 — were  different.  There,  no  embankment  existed  on 
top  of  the  original  surface.  The  easterly  retaining-  wall  under  Track 
No.  1  was  carried  down  to  about  7  ft.  below  the  ground  surface  or 
2  ft.  below  the  probable  future  ground-water  level,  and  was  placed  on 
timber  piles,  from  35  to  45  ft.  long,  driven  to  refusal  into  the  hard 
strata  of  sand  and  gravel.  The  maximum  pressure  per  pile  is 
approximately  20  tons.  The  westerly  retaining  wall  imder  Track 
No.  2  was  to  have  been  placed  on  the  new  fill  between  the  original 
New  Haven  embankment  and  the  retaining  wall  under  Track  No.  1. 
After  this  fill,  which  consists  largely  of  sand  and  loam  without 
boulders,  had  been  placed,  it  settled  considerably,  and  it  was  deemed 
inadvisable  to  place  the  wall  thereon.  Therefore,  hollow  steel  piles, 
12  in.  in  diameter  and  about  60  ft.  long,  with  cast-steel  shoes,  were 
driven  through  the  fill  into  the  hard  soil.  After  being  cut  off  at  the 
proper  elevation,  the  piles  were  filled  with  concrete.  The  wall  was 
then  placed  on  top  of  these  piles.  The  maximum  pressure  per  pile 
is  45  tons.  To  prevent  any  lateral  motion  of  this  wall,  due  to  greater 
earth  pressure  on  the  east  side,  it  is  connected  to  the  wall  under 
Track  No.  1  with  steel  tie-rods  encased  in  concrete. 

Both  retaining  walls  imder  Tracks  Nos.  1  and  2  are  of  L-shape 
and  are  stiffened  by  vertical  buttresses,  8  ft.  apart.  They  are  heavily 
reinforced  with  steel  rods.  This  portion  of  the  Bronx  Viaduct,  about 
1  173  ft.  long,  contains  approximately  16  000  cu.  yd.  of  earth  fill,  135  000 
lin.  ft.  of  timber  piles,  8  800  lin.  ft.  of  steel  piles,  12  000  cu.  yd.  of 
concrete  masonry,  and  855  tons  of  structviral  steelwork.  The  cost 
of  construction,  inclusive  of  tracks  but  exclusive  of  electrification, 
was  about  $230  per  lin.  ft.  of  4-track  road. 

Viaduct  Portion. — The  embankment  type  of  construction,  as  pre- 
viously described,  was  not  practicable  south  of  138th  Street,  because, 
on  account  of  the  greater  height,  the  foundation  pressures  would  have 
become  excessive.  The  plate-girder  type  of  viaduct,  with  concrete 
piers,  was  adopted  as  being  most  suitable  (Plate  XXXVII).  The  spans 
are  generally  about  64  ft.  long,  except  over  the  streets,  where  they 
had  to  be  from  72  to  112  ft.  The  piers  are  of  plain  rectangular  shape, 
with  simple  square  copings. 

To  be  safe,  the  foundations  for  the  piers  had  to  go  down  through 
the  silt  to  the  hard  strata  of  sand  and  gravel  or  rock.     Piles  would 
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have  been  the  least  expensive  foundation,  but,  in  view  of  the  con- 
siderable depth  of  soft,  yielding  material,  they  would  not  have  afforded 
sufficient  stability  against  lateral  forces  or  lateral  motion  which  might 
be  caused  by  any  disturbance  of  the  soft  ground  in  the  future  con- 
struction of  adjacent  foimdations.  Furthermore,  piles  could  not  have 
been  driven  through  the  boulder  formation  of  the  New  Haven  enabank- 
ment  under  the  two  westerly  tracks.  Therefore,  the  more  expensive, 
but  securer  type  of  foundation,  consisting  of  two  cylindrical  con- 
crete caissons  under  each  pier,  was  adopted.  The  cylinders  are  from 
10  to  15  ft.  in  diameter  and  were  sunk  partly  by  open  dredging,  and 
partly  by  the  pneumatic  process,  to  depths  of  from  12  to  55  ft.  below 
the  surface.  The  greatest  pressure  on  the  foundations  is  approxi- 
mately 8  tons  per  sq.  ft. 

A  deviation  from  the  foregoing  type  of  viaduct  was  necessitated 
at  133d  and  132d  Streets,  where  the  New  Haven  and  New  York  Con- 
necting Railroads  diverge.  On  account  of  insufficient  space  for  piers, 
it  was  necessary  to  frame  the  longitudinal  girders  of  the  two  westerly 
tracks  into  cross-girders  supported  by  steel  columns.  The  plate-girder 
viaduct  portion,  1 736  ft.  long,  contains  14  800  cu.  yd.  of  concrete 
masonry  and  7  080  tons  of  steel  work.  The  cost  of  construction  was 
about  $365  per  lin.  ft.  of  4-track  road. 

Bronx  Viaduct  South  of  132d  Street,  Eandalls,  Wards, 
and  Long  Island  Viaducts. 

The  general  conditions  which  affected  the  design  of  the  viaducts 
in  the  Bronx  section  south  of  132d  Street,  on  Randalls  and  Wards 
Islands,  and  on  Long  Island  north  of  Lawrence  Street,  are  similar,  with 
the  exception  of  the  character  of  the  soil.  The  fact  that  these  four 
sections  are  prominently  exposed  to  view  called  for  a  uniform  and 
pleasing  appearance,  in  harmony  with  the  monumental  character  of 
the  arch  bridge  which  they  flank  on  both  sides.  The  type  of  viaduct 
adopted  consists  of  deck  plate-girder  spans  resting  on  arched  concrete 
piers.  The  span  length  varies  from  72  to  94  ft.,  except  for  a  single 
span  over  Van  Alst  Avenue  in  Long  Island,  which  is  130  ft.  The 
lengths  chosen  are  the  most  economical,  except  on  the  Long  Island 
viadiTct,  where  they  were  largely  determined  by  the  location  of  the 
manv  streets  which  had  to  be  crossed. 
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On  the  Bronx  Viaduct  the  piers  rest  on  cylinder  caissons,  from 
15  to  18  ft.  in  diameter,  one  under  each  leg  of  the  pier.  These  cylin- 
ders were  sunk  partly  by  open  dredging,  and  partly  under  air  pressure, 
to  depths  varying  from  45  to  60  ft.  below  the  surface,  through  soft 
silt  and  mud  to  a  hard  stratum  of  sand  and  gravel  or  solid  rock 
(Plate  XXXVII).  On  all  other  viaduct  sections  the  piers  have  ordinary 
footings  built  in  open  excavation.  On  the  Long  Island  Viaduct, 
where  the  soil  has  various  formations  of  sand,  gravel,  boulders,  loam, 
and  clay,  partly  saturated  with  water  which  is  likely  to  be  drained 
off,  all  the  footings  had  to  be  spread  considerably  so  as  to  decrease 
the  bearing  pressure  to  the  safe  value  of  about  2J  tons  per  sq.  ft.,  and 
had  to  go  to  depths  as  great  as  34  ft.  below  the  surface. 

On  "Wards  and  Randalls  Islands  the  piers  have  comi>aratively 
shallow  foundations,  either  on  solid  rock,  or  on  hard  strata  of  sand 
and  gravel,  or  hardpan,  which  permitted  pressures  of  4  tons  per 
sq.  ft.  and  greater. 

The  proximity  of  the  railroad  to  residential  districts  and  to  public 
parks  made  it  desirable  to  restrict  the  noise  from  trains.  Embank- 
ments between  retaining  walls  were  out  of  the  question  on  accomit 
of  the  great  height.  Had  soil  conditions  been  favorable  throughout, 
a  viaduct  consisting  of  a  series  of  solid  concrete  arches  would  have 
been  most  suitable,  as  regards  appearance  and  restriction  of  noise. 
This  type  is  expensive  in  first  cost,  but  is  more  durable,  and  less 
costly  to  maintain,  than  a  plate-girder  viaduct,  the  steel  superstruc- 
ture of  which  may  have  to  be  replaced  or  strengthened  at  some  future 
date,  and  will  require  frequent  painting.  Concrete  arches,  however, 
require  solid,  unyielding  foundations,  in  order  to  prevent  dangerous 
and  unsightly  cracks,  and  such  foundations  could  not  be  had  on 
every  section  at  reasonable  cost. 

Comparison  of  Three  Designs  of  Plate-Girder  Viaducts. 
Fig.  44  shows  typical  portions  of  two  preliminary  designs  for  the 
plate-girder  viaducts,  and  the  design  adopted.  Fig.  44(a)  represents 
the  typical  American  trestle  viaduct  with  alternate  tower  spans,  40 
ft.  long,  and  intermediate  spans  of  80  ft.  This  type,  the  advantages 
of  which  were  cheapness  and  rapidity  of  erection,  is  now  gradually 
being  displaced  by  types  of  greater  rigidity  and  durability,  and  better 
appearance.  It  would  have  been  inappropriate  and  inadequate  for 
the  approaches  to  the  Hell  Gate  Bridge.     Fig.  44(fe)   represents  the 
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design  made  by  Mr.  Lindenthal  in  1906.  It  consists  of  plate  girders, 
of  nearly  uniform  span  length  of  from  70  to  80  ft.,  resting  on  steel 
rocker  bents.  To  resist  the  longitudinal  forces  from  braking  and 
traction  solid  masonry  piers  (stability  piers)  were  to  be  provided  at 
about  every  tenth  span.  This  design  is  superior  in  general  appearance 
to  the  trestle  design.  The  stability  piers  convey  the  impression  of 
rigidity,  and  give  opportunity  for  architectural  treatment.  The  arch 
form  selected  for  the  steel  rocker  bents,  although  somewhat  more 
expensive,  is  more  pleasing  than  the  ordinary  two-column  bent  with 
single  intersection  diagonals.  This  type  of  viaduct  is  also  stiffer, 
in  the  longitudinal  direction  at  least,  than  the  trestle  type.  Fig.  44(c) 
represents  the  type  finally  adopted,  with  concrete  piers.  It  is  superior 
to  the  other  two  types  in  appearance,  rigidity,  and  durability,  and  is 
less  costly  to  maintain. 

A  comparison  of  estimated  costs,  with  the  prices  prevailing  at 
the  time  the  design  was  made,  showed  that,  for  an  average  height 
of  viaduct  of  100  ft.  on  tangent,  the  steel  trestle  design  would  have 
been  about  20%  cheaper,  and  the  design  with  steel  rocker  bents  about 
10%  cheaper,  than  the  adopted  design.  On  a  3°  curve  the  saving 
in  first  cost  would  have  been  only  15%  and  5%,  resi)ectively,  as  the 
centrifugal  force  of  the  trains  requires  additional  material  in  the 
steel  bents  and  towers,  but  not  in  the  masonry  piers.  For  heights 
of  viaducts  of  less  than  100  ft.,  the  differences  in  cost  are  correspond- 
ingly less.  With  the  high  prices  of  steel  prevailing  at  present,  there 
would  be  little,  if  any,  saving  in  favor  of  the  steel  trestle  type. 

The  arched  concrete  piers  mark  a  radical  departure  from  the 
ordinary  solid  square  concrete  piers  with  plain  surface  and  simple 
square  coping.  The  rectangular  body  of  the  pier  proper  is  only  6  ft. 
thick,  from  the  coping  down,  but  is  reinforced  by  four  buttresses 
which  have  a  batter  of  1 :  15.  These  piers  convey  the  impression  of 
elegance  and  yet  of  great  rigidity.  The  appearance  is  enhanced  by 
the  massive  and  architecturally  elaborate  coping  of  cornices  and 
mouldings. 

The  concrete  is  made  of  1  part  Portland  cement,  2  parts  sand  and 
4  parts  gravel  or  broken  stone,  and  is  reinforced  with  steel  rods, 
vertically  and  horizontally,  against  shrinkage  and  temperature  cracks. 

The  plate-girder  spans,  typical  details  of  which  are  shown  in 
Plate  XXXVIII,  present  no  unusual  features,  except  for  the  cast-st-eel 
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bearings,  which  were  designed  to  keep  the  reaction  from  one-sided 
loading  as  close  as  possible  to  the  center  of  the  pier.  Special  attention 
was  also  given  to  efficient  web  splices. 

Erection  of  Plate-Girder  Viaducts. 

The  erection  of  the  viaducts  presented  no  unusual  difficulties,  and 
the  great  number  of  nearly  uniform  spans,  with  the  large  tonnage 
involved,  afforded  opportunity  for  economical  and  rapid  erection. 
The  Bronx  and  Randalls  Island  Viaducts,  for  which  the  McClintic- 
Marshall  Construction  Company  had  the  contract,  were  erected  by 
a  50-ton  steel  derrick  car,  in  si>me  operations  assisted  by  a  50-ton 
locomotive  crane  (Fig.  45). 

All  material  for  these  viaducts  was  delivered  over  temporary  tracks 
laid  on  the  finished  portion  of  the  viaduct.  Where  possible,  the  girders 
were  shipped  and  erected  riveted  up  in  pairs  at  the  shop.  A  remark- 
able record  was  made  on  March  Sth,  1915,  when,  after  careful  prepa- 
ration, twenty-two  single-track  spans,  with  an  aggregate  weight  of 
1  504  tons,  were  put  in  place  in  a  single  8-hour  day. 

A  somewhat  different  method  was  used  in  the  erection  of  the 
Wards  and  Long  Island  Viaducts,  for  which  the  American  Bridge 
Company  had  the  contract.  After  the  Hell  Gate  Arch  had  been  closed, 
and  as  the  temporary  back-stays  were  being  dismantled,  the  plate 
girders,  about  50%  of  which  had  formed  part  of  the  back-stays  and 
counterweights,  were  distributed  on  the  ground  along  the  viaducts 
by  using  a  locomotive  crane  running  on  a  temporary  track.  The  two 
65-ton  steel  travelers,  which  had  previously  been  used  for  the  erection 
and  dismantling  of  the  back-stays  of  the  arch  bridge,  were  set  up 
at  the  ends  of  the  viaducts  and  proceeded  toward  the  Hell  Gate  Bridge, 
raising  the  girders  singly  from  the  ground  (Fig.  46). 

Quantities,  Weights,  and  Cost  of  Viaducts. 

Table  6  gives  the  principal  dimensions  and  quantities  and  the 
cost  per  linear  foot  for  the  different  viaduct  sections. 

The  weight  of  the  steelwork  (exclusive  of  I-beams  in  flooring), 
in  pounds  per  linear  foot,  of  single-track  plate-girder  spans,  can  be 
expressed  approximately  by  the  formula : 

W  =  350  —  17  I 

for  span  lengths  of  1  =  72  to  94  ft. 
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TABLE  6. — Dimensions,  Quantities,  Cost,  Etc.,  op  Viaducts. 


Section. 

Bronx 

Viaduct  South 

of  133d  St. 

Randalls 

Island 
Viaduct. 

Wards  Island 
Viaduct. 

Long  Island 
Viaduct. 

Length  of  section,  in  feet 

1  071 

1  965 

2  654 

2  868 

Approximate  average  lieight  i 

of  rail  above  ground  sur-  > 
face,  in  feet \ 

«0 

80 

110 

90 

Type  of  foundation -| 

Caissons  45  to 
60  feet  deep. 

Mostly  shallow 

Mostly  shallow 

Mostly  deep 

and  narrow 
footings. 

and  narrow 
footings. 

and  wide 
footings. 

Average  span  length,  in  feet. . 

89.0 

82.0 

88.5 

85.5 

Total  quantiiy  of  concrete  in  ( 
piers,  in  cubic  yards j' 

17  500 

29  800 

60  300 

77  900 

Total    weight    of   steelwork,  | 
in  tons ) 

4  .375 

7  610 

11  190 

11  980 

Approximate  cost  per  linear  ) 

foot   of   viaduct,  inclusive  - 

$445 

S370 

$445 

$500 

of  tracks ) 

Deck  Truss  Bridges  of  Long  Island  Eastern  Viaduct. 

Potter  Avenue,  and  the  streets  between  Steinway  and  Flushing 
Avenues,  in  Long  Island  City,  are  crossed  by  deck-truss  bridges 
aggregating  1  231  ft.  in  length.  On  account  of  excessive  span  length 
and  limited  height,  concrete  arches,  such  as  were  built  over  the  other 
streets  on  the  Long  Island  Eastern  Viaduct,  would  have  been  imprac- 
ticable. Potter  Avenue,  which  is  80  ft.  wide,  is  crossed  by  the  rail- 
road at  an  angle  of  only  19  degrees.  The  distance  between  street  lines 
in  the  direction  of  the  tracks  is  about  250  ft.,  and  the  rails  are  only 
50  ft.  above  street  level.  A  skew  steel  bridge,  about  270  ft.  long, 
with  abutments  parallel  to  the  street  lines,  would  have  been  a  very 
unsatisfactory  design,  and  probably  as  expensive  as  the  one  adopted, 
although  lighter  in  steelwork. 

The  bridge,  as  built,  consists  of  three  square  deck-truss  spans,  each 
135  ft.  long  (Plate  XXXIX  and  Fig.  47).  The  two  ends  are  supported 
on  concrete  abutments,  which  form  a  monolithic  structure  with  the 
embankment  side-walls.  Two  heavy  steel  rocker  bents,  each  con- 
sisting of  two  columns  and  a  cross-girder,  form  the  intermediate 
supports.  Two  of  the  columns  are  placed  in  the  center  of  the  street, 
on  permission  secured  from  the  city.  Each  span  has  four  trusses, 
one  for  each  track.  They  are  18i  ft.  deep,  and  13  ft.  9  in.  apart  on 
centers.  The  trusses  have  fixed  bearings  on  one  abutment  and  expan- 
sion bearings  on  the  other,  the  intermediate  steel  bents  acting  as 
rockers.  The  longitudinal  forces  from  all  spans,  therefore,  are  trans- 
mitted to  one  end,  and  all  temperature  expansion  takes  place  toward 


Fig.  45. — Erection  of  Ram>ai,i,>.  Imamj  Viaduct. 


Fig.  46. — Erection  of  Long  Island  Viaduct. 


Fig.  47. — Potter  Aventte  Crossing. 


Fig.  -iS. — Erection  of  Pottek  Avenue  Crossing. 


PLATE   XXXIX. 

TRANS.  AM.  SOC.  CIV.  ENGB8. 

VOL.  LXXXII,  No.  1417. 

AMMANN  ON 

HELL  GATE  BRIDGE. 


HELL  GATE  ARCH  BRIDGE  981 

the  other  end.  Over  the  steel  bents  the  trusses  are  supported  at 
their  top  chord  points  by  cast-steel  pin  bearings,  which  in  turn  are 
supported  by  the  cross-girders  of  the  bent.  Each  of  two  adjoining- 
trusses  turns  independently  on  its  bearing,  and  the  bottom  chord 
member  opposite  the  bearing  is  free  to  slide  at  its  end,  so  that  the 
trusses  act  as  simple  spans. 

The  columns  are  provided  with  pin  bearings  at  the  bottom,  so 
as  to  be  free  from  bending  stresses  from  longitudinal  forces  or  tem- 
perature expansion  of  the  trusses.  Transversely,  however,  the  columns, 
with  the  cross-girders,  form  rigid  portals  which  transmit  the  reactions 
from  the  lateral  forces  to  the  foundations.  The  cross-girders  are 
double  web-girders,  10  ft.  deep,  and  weigh  130  tons  each.  They  were 
shipped  in  three  sections.  The  floor-beams  rest  on  top  of  the  trusses, 
and  the  stringers  are  framed  into  them.  To  avoid  stresses  in  the 
floor-beams,  due  to  unequal  deflections  of  the  trusses,  all  floor-beams 
except  those  over  supports  are  interrupted  between  the  two  interior 
trusses. 

The  design  of  the  truss  bridges,  between  Steinway  and  Flushing 
Avenues,  was  governed  by  similar  conditions,  and  is  similar  in  every 
respect  to  that  of  the  Potter  Avenue  Crossing,  except  that  all  inter- 
mediate supports  are  solid  concrete  piers  instead  of  steel  bents,  and 
are  on  railroad  projDcrty.  The  spans  vary  in  length  from  120  ft. 
to  165  ft.  11  in.  The  depth  of  the  trusses  is  only  16  ft.  4  in.,  which 
was  limited  by  the  required  minimum  height  of  16  ft.  above  the  street 
level.     The  trusses,  therefore,  are  unusually  heavy. 

All  these  truss  bridges  were  erected  on  heavy  timber  bents  by 
an  SO-ton  steel  traveler  (Fig.  48).  Erection  was  started  in  October, 
1914,  and  completed  in  April,  1915.  Potter  Avenue  Crossing  con- 
tains approximately  4  000  cu.  yd.  of  concrete  masonry  and  3  722  tons 
of  steel  work,  and  the  cost  of  construction,  inclusive  of  tracks,  was 
about  $275  000,  or  $675  per  lin.  ft.  The  Steinway-Flushing  Avenue 
Crossing  contains  approximately  7  600  cu.  yd.  of  masonry  and  6  526 
tons  of  steelwork,  and  its  cost  of  construction,  inclusive  of  tracks, 
was  about  $500  000,  or  $565  per  lin.  ft. 

Embankment  Portion  of  Long  Island  Eastern  Viaduct. 
Except  for  the  steel  truss  bridges  over  certain  streets,  as  described 
before,   the   Eastern  .Viaduct,   which   extends   from   Lawrence    Street 
to   Stemler   Street  in  Long  Island   City,  a  total  length  of  3  500  ft., 
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consists  of  a  novel  type  of  embankment,  from  .30  to  65  ft.  in  heiaht 
above  ground.  Seven  streets  are  crossed  by  reinforced  concrete  arches 
which  form  a  monolithic  structure  with  the  retaining  walls  of  the 
embankment.     (Plate  XXXIX  and  Fig.  43.) 

The  embankment,  consists  of  two  longitudinal  reinforced  concrete 
retaining  walls,  connected  and  held  in  relative  position  by  horizontal 
steel  tie-rods,  which  are  embedded  individually  in  a  shell  of  concrete 
for  protection  against  corrosion.  These  rods  resist  the  pressure  from 
the  earth  fill.  For  additional  stability,  the  two  walls  are  connected 
by  thin  cross-walls,  about  50  ft.  apart.  The  arches  consist  of  a  com- 
paratively thin  barrel  reinforced  by  vertical  ribs.  The  fill  is  mixed 
clay,  sand,  and  gravel,  carefully  placed  in  12-in.  crowned  layers,  and 
thoroughly  tamped,  so  as  to  form  a  uniform  compact  mass  which 
exerts  a  comparatively  small  pressure  on  the  retaining  walls.  It  is 
thoroughly  drained  by  chimneys  of  rock  packing  which  extend  along 
the  walls  from  the  top  of  the  fill  to  the  weep-holes  at  the  bottom. 

The  walls  and  arches  have  perfectly  plain  surfaces  and  a  simple 
coping.  No  attempt  has  been  made  at  architectural  treatment,  because 
the  territory  in  the  vicinity  is  being  built  up  mostly  by  industrial 
buildings  which  hide  that  portion  of  the  railroad  from  prominent 
view.  This  embankment  construction  is  considerably  cheaper  than 
the  ordinary  type,  which  consists  of  a  fill  between  two  independent 
gravity  walls.  For  a  height  of  50  ft.  the  latter  type  would  have  cost 
from  30  to  40%  more. 

A  plate-girder  viaduct  with  concrete  piers,  such  as  was  used  north 
of  Lawrence  Street  and  over  the  island,  would  also  have  been  more 
expensive  than  the  adopted  type  of  embankment.  For  heights  exceed- 
ing about  65  ft.,  however,  the  plate-girder  viaduct  became  cheaper. 

The  embankment  contains  approximately  70  000  cu.  yd.  of  concrete 
masonry,  160  000  cu.  yd.  of  earth  fill,  and  1  000  tons  of  steel  rein- 
forcement. 

The  cost  of  construction  per  linear  foot  of  embankment,  inclusive 
of  tracks,  was  approximately  $470  for  a  height  of  65  ft.  and  $280  for 
a  height  of  35  ft.,  or  (6.5  h  —  50)  dollars  per  square  foot  of  elevation,  /( 
being  the  height  of  rail  above  the  ground  line. 

13. — Track  Floor  Construction. 
The  franchise  required  a  ballasted  roadbed  on  the  Bronx  Section, 
north  of  Bronx  Kill,  and  on  the  Long  Island  Section,  south  of  Hell 
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Gate.  A  solid  ballasted  floor,  owing  to  its  advantages  over  the  open 
tie  floor,  namely,  more  uniform  roadbed,  less  noise  and  impact,  smaller 
cost  of  maintenance,  and  greater  safety  in  case  of  derailment  or 
fire,  was  adopted  throughout,  however,  except  for  the  bascule  spans 
of  the  Bronx  Kill  Bridge,  although  it  involved  a  considerable  additional 
initial  expenditure  over  the  open  tie  floor. 

Various  types  of  solid  floor  construction  were  considered.  Previous 
to  construction  a  wooden  floor,  consisting  of  framed,  treated  ties,  laid 
closely  together,  appeared  to  be  most  suitable,  owing  to  its  lightness 
and,  as  it  seemed  then,  its  comparatively  small  cost.  By  the  time  con- 
struction started,  however,  the  prices  of  framed  and  treated  timber 
had  increased  considerably,  and  a  more  durable  and  fire-proof,  although 
somewhat  heavier  and  slightly  more  expensive,  concrete  floor  construc- 
tion was  adopted. 

A  reinforced  concrete  slab,  in  which  the  compressive  strength  of 
the  concrete  and  the  bond  between  the  steel  rods  and  the  concrete 
are  relied  on  to  resist  the  stresses,  was  not  considered  advisable,  in 
view  of  the  limited  experience  as  regards  the  durability  of  such  a 
construction  under  the  heavy  impact  to  which  the  floor  would  be 
subjected. 

The  type  finally  adopted  (Fig.  49)  consists  of  8-in.  I-beams,  about 
15  in.  from  center  to  center,  placed  across  the  two  stringers  or  girders 
of  each  track.  These  beams  are  tied  together  near  the  bottom  with 
|-in.  tie-rods,  about  10  in.  apart,  and  thus  form,  by  themselves,  a  com- 
paratively rigid  steel  skeleton.  The  axle  load  of  70  000  lb.,  plus  200% 
impact,  was  assumed  as  distributed  over  three  beams,  or  an  equivalent 
length  of  track  of  twice  the  height  from  top  of  rail  to  top  of  I-beams. 

The  concrete,  which  is  placed  between  and  from  2|  to  3J  in.  above 
the  beams,  but  flush  with  the  bottom  surface  of  the  beams,  forms 
merely  an  encasement.  To  prevent  transverse  temperature  cracks 
at  the  top  surfaces,  the  concrete  is  further  reinforced  by  longitudinal 
rods  resting  on,  and  tied  to,  the  steel  beams.  The  ballast  is  held  on 
each  side  of  the  track  by  parapet  walls,  which  are  also  well  reinforced 
against  temperature  or  shrinkage  cracks.  The  I-beams  served  as  ties 
for  the  construction  tracks,  and  thereby  saved  the  cost  of  temporary 
timber  ties.  Plain  steel  sheets,  i  in.  thick,  wedged  against  the  bottom 
of  the  beams,  constituted  simple  forms  for  the  bottom  surface  of  the 
concrete.      The   space    between   the   concrete   troughs    is    utilized   for 
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footwalks  and  for  the  six-duct  concrete  conduit  construction.  Expan- 
sion joints  in  the  concrete  troughs  are  provided  at  all  expansion  joints 
in  the  steel  superstructure.  These  joints  are  covered  by  T-shaped 
steel  dams,  bedded  on  a  thin  layer  of  asphalt. 

DETAILS  OF  CONCRETE  FLOORING  sf 


2  Planking' 


Pig.   -19. 


Care  was  taken  to  secure  a  dense  concrete  by  using  a  mixture  of 
1  part  Portland  cement,  2  parts  of  well-graded  sand,  and  4  parts  of 
broken  limestone,  the  latter  composed  of  75%  of  |-in.  stone  and  25% 
of  screenings.  This  concrete,  tested  on  4-in.  cubes,  showed  an  average 
compressive  strength  of  about  3  500  lb.  per  sq.  in.  at  the  age  of  28 
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days.  The  top  of  the  concrete  slab  was  carefully  troweled  to  a  smooth 
finish.    No  water-proofing  material  was  placed  thereon. 

For  efficient  drainage,  the  top  surface  was  given  a  transverse  slope 
of  1^  in.  in  10  ft.,  and  4-in.  cast-iron  drain  pipes,  with  strainers,  were 
placed  about  15  ft.  apart.  On  the  street  crossings,  these  pipes  discharge 
into  steel  gutters  which  lead  to  6-in.  down-spouts  at  the  piers  or  abut- 
ments. 

The  sidewalks  and  the  walks  between  the  tracks  are  of  2-in.  wooden 
planks  resting  on  extensions  of  the  I-beams.  The  flooring  contains,  per 
linear  foot  of  4-track  structure,  1.5  cu.  yd.  of  concrete,  1  200  lb.  of 
steel,  and  40  ft.  b.  m.  of  timber,  and  cost  about  $53  per  lin.  ft.  The 
I-beams  were  furnished  and  erected  by  the  contractors  for  the  steelwork. 
The  concrete  and  the  timber  flooring  were  placed  on  contract  by  Fraser, 
Brace  and  Company  and  The  Snare  and  Triest  Company. 

14. — Engineering  Organization. 

The  New  York  Connecting  Railroad  has  been  built  under  the  direc- 
tion of  Mr.  Samuel  Eea  as  President  and  Mr.  A.  T.  County,  Assistant 
to  the  President.  Mr.  Gustav  Lindenthal,  Consulting  Engineer  and 
Architect,  prepared  the  plans  for  the  East  River  Bridge  Division,  and, 
as  Chief  Engineer,  directed  their  execution.  During  construction 
the  Chief  Engineer  was  assisted  by  an  engineering  staif  of  ninety-five 
members. 

O.  H.  Ammann,  M.  Am.  Soc.  C.  E.,  Assistant  Chief  Engineer,  had 
general  charge  of  the  ofiice,  field,  and  inspection  work,  H.  W.  Hudson, 
M.  Am.  Soc.  C.  E.,  Construction  Engineer,  was  in  direct  charge  of 
the  field  operations,  in  which  he  was  assisted,  in  the  earlier  stages  of 
the  work,  by  three  Resident  Engineers,  George  W.  Philips,  Assoc.  M. 
Am.  Soc.  C.  E.,  R.  T.  Robinson,  Assoc.  M.  Am.  Soc.  C.  E.,  and  S.  D. 
Heed,  Assoc.  M.  Am.  Soc.  C.  E.,  and  later  by  Mr.  S.  D.  Heed  as 
Assistant  Construction  Engineer.  D.  B.  Steinman,  Assoc.  M.  Am. 
Soc.  C.  E.,  Special  Assistant  Engineer,  attended  to  computations  and 
strain  measurements,  and  Mr.  W.  A.  Cuenot,  Assistant  Engineer, 
to  the  drafting  and  checking  of  the  plans  and  shop  drawings. 

A  very  thorough  inspection  was  exercised  over  all  materials.  All 
cement  which  went  into  the  work  was  tested  at  the  Company's  labora- 
tory, in  charge  of  Mr.  G.  B.  MacWhinney,  Assistant  Engineer.  The 
steel  was  tested  and  inspected  at  the  mills  and  at  the  various  shops 
by  a   corps  of  fifteen   inspectors,   directed   successively  by   Mr.   J.   C. 
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Naegeley,  as  Engineer  of  Inspection,  and  Messrs.  William  E.   Crane 
and  R.  E.  McGough,  as  Chief  Inspectors. 

Conclusion. 

Some  of  the  broader  engineering  questions  which  suggest  them- 
selves in  the  design  and  execution  of  the  structure  forming  the  subject 
of  this  paper  may  be  summarized  as  follows : 

A  great  engineering  work  cannot  be  spontaneously  created  in  its 
final,  perfect  form,  but  has  to  grow  and  develop  gradually,  in  its 
entirety  as  well  as  in  its  constituent  parts.  Although  the  layman  can 
only  judge  such  a  work  in  the  light  of  an  accomplished  fact,  the 
engineer  must  ever  be  conscious  that  it  is  only  through  extensive  and 
laborious  preliminary  studies,  and  untiring  efforts  to  improve,  that 
he  can  hope  to  achieve  a  perfect  work. 

In  the  execution  of  a  great  and  complex  engineering  or  scientific 
undertaking,  collaboration  of  experts  in  various  fields  is  essential,  but 
a  great  structure  of  monumental  character  must  be  the  product  of  an 
individual  creative  and  directive  mind. 

A  great  structure  cannot  be  the  result  of  a  set  of  rules  and  specifi- 
cations, nor  of  elaborate  mathematical  computations.  Such  a  work 
requires  wide  experience  and  sound  judgment,  and  therefore,  should 
be  entrusted  only  to  engineers  of  high  professional  attainments  and 
reputation. 

Throughout  this  paper  the  importance  of  rigidity  in  bridge  con- 
struction has  been  pointed  out.  Rigidity  insures  greater  durability 
and  safety.  There  are  remarkable  examples  of  structures  which  have 
stood  up  under  excessive  strains  under  which  they  would  have  failed 
had  it  not  been  for  the  rigidity  of  their  members  or  connections. 
Large  bridges  must  be  built  for  generations  to  come.  Engineers  to-day 
cannot  afford  to  build  important  structures  cheaply,  to  serve  their 
purpose  for  the  time  being,  and  incur  the  risk  of  having  to  replace 
them  after  a  short  period  of  usefulness. 

Emphasis  has  been  laid  on  the  appearance  of  the  structures 
described.  Engineering  structures  are  still  regarded  by  many  engi- 
neers as  mere  works  of  utility,  which  deserve  no  consideration  in 
architectural  or  artistic  treatment.  So  long  as  this  opinion  prevails, 
the  Engineering  Profession  will  not  lift  itself  to  a  higher  plane,  and 
it  is  even  running  the  risk  of  being  relegated  to  second  place — or 
after  the  architect — in  the  creation  of  such  monumental  structures 
as  properly  belong  in  its  domain. 
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Calculation  of  Dead-Load,  Live-Load,  and  Temperature  Stresses  in 
Arch  Trusses  of  Hell  Gate  Bridge. 

1. — Influence  Line  for  Horizontal  Eeaction  of  2-Hinged  Arch. 

In  calculating  the  influence 
line  for  horizontal  reaction,  the 
following  analytical  method  has 
been  applied : 

A. — Calculation  of  Values  of 
^  s,  id  a,  and  A  I. —  If  the  arch 
is  considered  a  simple  span  fixed 
at  A  and  free  to  move  at  H 
(Fig.  50)  and  if,  for  any  one 
member  of  the  truss, 

A  ^  area  of  its  gross  section,  in  square  inches; 
s  =  its  length,  in  feet ; 
r  =  its    lever    arm    (perpendicular    distance    from    its    center    of 

moments,  (7),  in  feet; 
y  =  ordinate   of   its   center   of   moments,    above   line   connecting 
hinges,  in  feet; 

y 

jiSi  =  ^—  =  stress   in  the   member    due    to   the    sole   application    of   a 

horizontal  force  of  unity  at  B,  and  E  =  modulus  of  elasticity 
(30  000  000  lb.  per  sq.  in.) ;  then  the  axial  deformation  of  the  member 
is,  in  feet, 

.S,  s 

^■'  =  J¥ '" 

If  it  is  assumed  that  only  this  one  member  is  elastic,  the  angle,  a, 
between  the  lines,  A  C  and  B  C ,  will  change  by  an  amount 

As 
A  a  ^ (arc  measure) (2) 

that  is,  the  elastic  line  is  a  triangle,  A^  (^i  B^  (Fig.  50  (&))  the  sides 
of  which,  A^  C^  and  B^  C^,  form  the  angle  A  a. 

The  point,  B,  moves  horizontally,  that  is,  the  span  length,  I,  changes 
by  an  amount,  in  feet,  equal  to 

A  I  =   ■'-  A  s  =  V  A  a (8) 

)• 

The  sum,  2  A  I,  of  the  values  A  I,  for  all  truss  members  gives  the 
total  horizontal  movement  of  the  point,  B,  due  to  the  sole  application 
of  the  horizontal  load  of  unity  at  B. 

Tables  T  and  8  show  the  calculation  of  the  values,  A  s,  A  a,  and 
A  I,  for  each  truss  member,  and  also  the  sura,  '2  A  I.     For  convenience 
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TABLE  7. — Determination  of  Values 


Member. 

(I) 

Lengrtli, 
s,  iu  feet. 

(2) 

Gross  Area, 

A,  in 

square  inches. 

.   (3) 

Lever  Arm, 
r,  in  feet. 

(4) 

Ordinate 

of  Center  of 

Moments, 

y,  in  feet. 

'5) 
Stress 

0-  3 
2-  4 
4-  6 

6-  8 
8-10 

56.131 
54.012 
52.022 
50.173 

48.484 

1  384 
1  281 
1265 
1  337 
1  163 
1  121 
1  080 
1  045 

—  106.00 

—  88.86 

—  75.92 

—  67.76 

—  62.38 

—  57.39 

—  52.88 

—  48.92 

—  45.60 

—  43.01 

—  41.21 

—  40.22 

+  140.00 
+  149.60 
+  163.93 
+  180.00 
+  197.83 
+  213.43 
-^  226.80 
+  237.94 
+  246.85 
+  253.54 
+  25S.00 
+  260.22 

-1.3208 

—  1.6835 

—  2.1461 

—  2.6562 

—  3.1714 

0 

oi 
o 

3 

10-12 
12-14 
14-16 
16-18 
18-20 
20-22 
22-22^ 

46.971 
45.651 
44.542 

—  3.7180 

—  4.2890 

—  4.8639 

—  5.4134 

—  5.K949 

—  6.2606 

—  6.5669* 

S 

o 

t-i 

O 

43.020 
42.630 
42.500 

946 
929 
929 

Q 
IS 
O 

n 
o 

1-  3 
3-  5 

5-  7 

7-  9 

9-11 
11-13 
13-15 
15-17 
17-19 
19-21 
21-23 
23-28  A 

43.571 
44.541 
45.800 
46.089 
45.273 
44.553 
43.936 
43.424 
43.023 
42  733 
42.558 
42.500 

315 
315 
315 
829 
385 
385 
385 
385 
385 
385 
329 
329 

+  110.16 
+    88.67 
+    74.24 
+    65.62 
+    59.54 
+    54.18 
+    49.60 
+    45.85 
-j-    43.01 
+    41.11 
+    40.16 
+    40.22 

+    36.67 
+    70.00 
+  100.00 
+  126.67 
+  150.00 
+ 170.00 
+  186  67 
+  200.00 
+  210.00 
+  216.67 
+  220.00 
+  220.00 

+  0.3328 
+  0.7814 
+  1.3470 
+  1.9303 
+  2.5193 
+  3.1377 
+  3.7634 
+  4.3651 
+  4.8826 
+  5.27C4 
+  5.4781 
+  5.3729* 

ill  calculation,  the  foregoing  values  have  been  determined  in  units  of 
1  000  E.     (See  Columns  6,  7,  8,  and  9  of  Tables  7  and  8.) 

B. — Deterviination  of  Elastic  Curve  of  Arch  Truss. — As  can  easily 
be  proved,  the  elastic  line,  A^  C^  B^  (Fig-  50  (&)),  assuming  again 
only  the  one  member  elastic,  is  identical  with  the  moment  diagram 
of  a  simple  span,  A  B,  due  to  the  sole  application  of  a  vertical  load, 
^  a,  at  the  center  of  moments,  C,  of  the  member  in  question. 

From  this  rule,  if  applied  to  ever^^  truss  member,  it  follows  tliat 
the  elastic  line  of  the  arch  truss  due  to  the  sole  application  of  a  hor- 
izontal load  of  unity  at  B  is  identical  with  the  moment  diagram  due 
to  the  application  of  the  values,  z/  a,  as  vertical  loads,  called  "Elastic 
Loads",  at  the  respective  centers  of  moments  of  the  truss  members. 

The  center  of  moments  of  a  chord  member,  and  therefore  the  cor- 
responding elastic  load,  z/  a,  is  always  at  a  panel  point. 

The  center  of  moments  of  a  web  member,  in  general,  is  not  at  a 
panel  point,  nor  is  it  always  within  the  span  length,  and,  therefore,  it 


HELL  GATE   ARCH   BRIDGE 


989 


J  s,  J  a,  and  /:!  I,  for  Ci 

lORD  Members. 

(6) 

(7) 

(8) 

(9) 

1  000  JE  A  s 

]  000  £  A  a 

lOOOBAi 

=  1000%-* 

-1000  ^"^^ 

=   ^  1  000  E  A  s 
r 

Notes. 

A 

=  2/  1  000  jB  A  o 

—   53.57 

+          0.505 

+              70.7 

*  Stresses  correct 

ed    for  effect  of 

—    70.98 

+          0.799 

+            119.5 

double  diagonals  in  center  panel. 

—   88.26 

-h          1.163 

-1-            1S9.4 

—    99.68 

+          1.471 

264.8 

For  Member  22-22  A: 

—  132.21 

—  156.19 

+          2.119 
+          2.715 

419.3 
579.5 

y. 

—  _  (i  4699 

—  181.29 

+          3.428 

777.6 

Oorrection  (H-\,P 

-  0)..   -  —  0.0970 

—  206.  HO 

+          4.229 
+          5.246 

+        1  006.3 
4-        1  295.0 

Stress   Si  

-  239.32 

-  —  6  5669 

—  268.08 

+          6.283 

-t-        1  580.3 

—  287.29 

+          6.971 

+         1  798.6 

For  Member  23-23  A : 

-  300.42 

+  2  X  3.735 

+  2X    971.9 

y 

"^  A  I 

1 000  i:  ~  ■"   = 

-  +5.4699 

r 

Correction  {H—1,P 

Stress  Si  

+        9  071.9 

=  0)...   =—0.0970 

=+5.3729 

1  000  £2  A  /  for  bottom  chords  = 

+      18  143.8 

4-   46.04 

4-          0.418 

+             15.3 

+  111.63 

+          1.259 

+             88.1 

+  195.85 

+          2.638 

+           263.8 

+  270.41 

+          4.121 

+           522.0 

+  296.25 

+          4.976 

+           746.4 

4-363.10 

+          6.702 

+        1  139.3 

4-429.48 

-+-          8.659 

+        1  616.3 

+  491.99 

+        10.731 

+        2  146.1 

+  545.62 

+        12.686 

+        3  664.0 

+  584.99 

+        14.230 

+        3  083.2 

+  r0i<.62 

+        17.645 

+        3  881.9 

+  693.95 

+  2x  8.627 
2  aZ 

+  2x1  897.5 

1  000  E  =— -  = 

+      18  063.9 

1  000  S  2  A  i  for  top  chords  = 

+      36  127.8 

is  more  convenient  to  substi- 
tute for  the  load,  J  a,  applied 
at  the  center  of  moments  of  a 
web  member,  two  vertical  panel 
loads  as  follows : 

Take,  for  instance,  the  diag- 
onal, D  E  (Eig.  51),  the  center 
of  moments  of  which  is  at  C. 
The  elastic  line,  considering  only 
D  E  elastic,  is  a  broken  line,  A^ 
D^  E^  B^,  the  segments  of  which, 


FiCi.    51. 

ilj  Dj^  and  B^  E^,  intersect  at  C^  vertically  below  C,  and  enclose  the 
angle,  z/  a.    It  can  easily  be  proved  that  this  line  is  identical  with  the 

moment  diaf;rain  due  to  the  vertical  loads,  J  a'  =  J  a\ (n    +  1) 

and   J   a"   —   A  ex  ( —  — ^  7i   j  ,  applied  at  the  panel  points,  D  and  E, 
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TABLE  8-.- — Determination  of  Values, 


(1) 

(2) 

(3) 

(4) 

(S) 

Member. 

Length, 

Gross  area, 
^,  in 

Lever  arm, 

Ordinate 
of  center  of 

Stress, 

s,  in  teet. 

square  inches. 

r,  in  feel. 

moments, 
y,  in  feet. 

Si  =  y 

r 

1-  2 

111.732 

2.35.5 

—       222.2 

-t-       1S9.6 

—  0.8535 

en 

3-  4 

90.235 

228.4 

—       247.2 

+       224.9 

—  0.9097 

1-3 

-< 

5-  6 

75.937 

201.8 

—       321.8 

+       285.6 

-0.8875 

Z. 

7-  8 

68.197 

129.8 

—        401.5 

+       341.4 

—  0.8504 

c 

9-10 

63.984 

129.8 

-       387.7 

+        341.4 

—  0.8805 

■< 

11-12 

60.765 

129.8 

—       380.1 

-1-        341.3 

—  0.8981 

a 

13-14 

58.454 

129.8 

-        383.1 

+        341.3 

—  0.8907 

15-16 

56.971 

168.8 

—       405.2 

—        341.2 

—  0.8422 

17-18 

56.2.51 

16^.8 

—        465.6 

341.5 

-  0.7335 

19-20 

56.266 

196.0 

—        615.9 

341.5 

-  0.5545 

21-22 

57.011 

196.0 

—    1  113.6 

+       340.5 

—  0.3050 

23-23 

58.514 

129.8 

+  0.1335* 

0-  1 

110.000 

312.0)  & 

-f          42.5 

+          36.7 

-1-0.8628 

2-  3 

112.933 

2,55.0  y£ 

+       202.2 

+        195.3 

-1-0.9656 

4-  5 

92.930 

235.0  j  ^ 

-1-       237.3 

4-        237.3 

4-1.0013 

6-  7 

80.000 

151.0    <! 

+        354.3 

-h       322.3 

4-0.9097 

8-  9 

71.163 

137.0 

+        549.6 

4-        428.4 

- 

\-  0.7795 

10-11 

63.430 

126.1 

•4-        612.7 

+        438.3 

-  0.7154 

12-13 

56.800 

126.1 

+        732.2 

-1-       457.1 

4-  0.6344 

14-15 

51.273 

126.1 

+        993.7 

+        498.4 

-t- 0.5016 

< 
o 

Pi 

16-17 

46.850 

126.1 

+     1  826.7 

-1-        629.8 

4-  0.3448 

18-19 

43.540 

126.1 

-  80  442.0 

—  12  410. 

-f  0.1543 

20-21 

41.333 

126.1 

—    1556.5 

-f-          94.6 

—  0.0608 

> 

22-23 

40.230 

126.1 

-        769.7 

-1-        220.0 

—  0.3776t 

respectively.  In  the  foregoing,  x  is  the  horizontal  distance  of  C  from  A, 
and  n  is  the  horizontal  distance  of  the  panel  point,  D,  from  A,  in 
units  of  the  panel  length,  X. 

Similarly,  Fig.  52  shows  the  elastic  line,  if  the  vertical,  F  F' ,  is 
considered  elastic  only,  and  the  corresponding  elastic  loads  at  the 
panel  points,  F  and  G,  are: 


A  a'   =  A  a[—  —  (n  -f  1)"| 
'  a  i -     - —  n\  . 


A  a" 


Tables  9  and  10  (Plate  XL)  show  the  calculation  of  the  values, 
A  a  and  A  a",  again  in  units  of  1  000  E.  The  resultant  elastic  panel 
loads  from  all  truss  members  are  given  in  Table  12.  The  moments  due 
to  these  resultant  elastic  panel  loads  have  been  determined  analytically 
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A  s,  A  a^  AND  J  I,  FOR  Web  Members. 


(6) 

1  000  £  A  s 
=  1000^ 


404.9 
359.4 
334.0 
446.8 
434.0 
420.4 
401.1 
284.3 
244.4 
159.2 
88.7 


(7) 


1  000  £  A  a 

:  1  000  S-^ 


+  1.8224 
-j-  1.4551 
+  1 .0379 
-)-  1.1126 
+  1.1194 
+  1.1062 
+  1.0470 
+  0.7016 
+  0.5250 
+  0.2585 
+  0.0797 


1  000  je 


2a; 


1  000  E  2  A  /  tor  diagonals  = 


(8) 
1  000  £  A  J 
^-1  000  E  A  i 
(/  1  000  E  A 


t 


345.6 
327.0 
296.4 
379.9 
382.2 
377.6 
357.3 
239.4 
179.3 
88.3 
27.1 


(9.' 


Notes. 


*  The  stress,  Si,  in  the  center  diagonals 
has  no  influence  on  the  deflection  line. 

t  The  stress  in  22-23  is  corrected  for 
effect  of  double  diagonals  in  center 
panel. 

^- =  -0.2858 


Correction  (H=  1,  P=0).. 


-0.0918 


Stress  Si =  -0.3776 


+  3  000.1 
+  6  000.2 


+  .387.1 
+  427.6 
+  396.0 
+  482.0 
+  404.9 
+  359.9 
+  281.2 
+  203.9 
+  128.1 
+    53.3 

—  19.9 

—  120.4 


+  9.109 
+  2.114 
+  1.671 
+  1.360 
+  0.800 
+  0.737 
+  0..384 
+  0.205 
+  0.0701 
—  0.00066 
+  0.0128 
+  0.156 


Si 


1  000  E - 
1  000  £2  A  J  for  verticals 


t 


334.0 
412.9 
396.5 
438.5 
315.6 
257.5 
175.6 
102.3 

44.2 
8.2 
1.2 

34.4 


Summary  of  values 1  000  £,'  2  A  i 

Bottom  chord =  18  143.8 

Top  chord =36  127.8 

Diagonals =    6  000.2 

Verticals =    5  041.8 

Total 1  000  £2  A  I  =  65  313.6 


+  2  520.9 
+  5  041.8 


in  Table  12  by  the  usual  method 
of  shears  and  moment  incre- 
ments. The  ordinate,  8,  of  the 
elastic  line  at  any  panel  point,  is 
equal  to  the  corresponding  mo- 
ment from  the  elastic  panel  loads. 
C. — Determination  of  Influ- 
ence Line  for  Horizontal  Reac- 
tion.— The  influence  ordinates  for 
the  horizontal  reaction  were  de- 
termined in  Table  12  by  dividing 
the  corresponding  ordinates,  B, 
of  the  elastic  line  by  the  constant,  2  A  I  (^  A  I  =  horizontal  deflection 
of  the  point,  B,  due  to  a  horizontal  load  of  unity  at  B,  as  obtained  in 
Table  8,  Column  9). 
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This  is  derived  as  follows :  Assume  the  arch  to  be  a  simple  span, 
A  B,  fixed  at  A  and  free  to  move  at  B  (Fig.  53).  According  to  Max- 
well's Principle  of  Reciprocity,  the  vertical  deflection,  8.  at  any  point, 
C,  due  to  a  horizontal  force  of  unity  at  B  (Fig.  53  (a)  and  (&)),  is 
equal  to  the  horizontal  deflection,  e,  of  the  point,  B,  due  to  a  vertical 
force  of  unity  at  C  (Fig.  53  (c)),  that  is  S  =  e. 

In  order  to  transform  the  simple  span  into  a  two-hinged  arch,  the 
horizontal  reaction,   H,  has  to   overcome  the  horizontal   deflection,   «, 

H  E 

and  we  have,  therefore,  the  relation.  — r—  =  ^^ — —,\    or,    as    £    = 


H  unity 


J  r 


<5, 


H  = 


2  A  I 

D. — Corrections  for  the  Ver- 
ticals, 0-1,  2-3,  ^-5.— In  the  fore- 
going it  has  been  assumed  that 
the  vertical  load  of  unity  is  ap- 
plied at  the  bottom  chord  panel 
points.  As  the  live  load  is  actu- 
ally applied  at  the  floor  level, 
the  following  correction  has  to 
be  made  in  the  influence  ordi- 
nates  for  //  below  the  panel 
points,  0,  2,  and  4. 

Let  s  be  the  total  length  of  the  vertical  and  s'  its  length  below  the 
floor  (Fig.  54).     As  the  load  is  to  be  applied  at  C"  instead  of  C,  the 

numerator,     5,    in    the    foregoing    formula,  H 


must    be 


corrected  to  represent  the  deflection  of  C  instead  of  C.     If  S  is  the 

deflection  at  C,h  -\-  A  s'  is  the  deflection  at  C    The  resulting  change 

A  s'  s' 

in  the  value  of  H  is  — — — -.      As  A  s'  —    A  s  .      ,  the  correctiou  for 

2  A   I  s 

g  is  _    \  .    .    '\     (See  Table  11.) 


n 


^c 


Fig.  54. 


2  A  I  s 

E. — Correction  for  Two  Diagonals  in  the  Center 
Panel. — The  presence  of  two  diagonals  in  the  center 
panel  adds  another  element  of  indeterminateness  to 
the  design.  This  is  taken  into  accoimt  as  fol- 
lows: A  load,  P,  is  considered  as  acting  at  any  point  distant  m  panels 
from  the  end,  A.  The  resulting  stress  in  each  center  diagonal  is  that 
given  by  one-half  the  shear  in  the  panel  plus  a  correction,  X,  and  the 
corresponding  corrections  in  the  other  -members  of  the  center  panel 
will  be  the  horizontal  and  vertical  components  of  X.  The  value  which 
X  must  have  in  order  to  make  both  diagonals  fit  into  their  panel  frame 
is  then  given  by  writing  out  and  solving  the  equation,  Ad^  +  Ad.^  = 
{Au  +  ^0   as  B  +   (Ai\  -f  Av^)  sin.  B,  where  Au,  Al,  Av,  and  Ad 
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TABLE  9. — Determination  or  Elastic  Panel  Lo.\r>s,  /I  a'  -{-  /t  a",  for  Diagonals. 


Panel  length,  A  =  42.5  ft. 

Member. 

(1) 
1-8 

(a) 
8-4 

(3) 
5-6 

(4) 
7-8 

(S) 
9-10 

C6) 
11-1-3 

(7) 
13-14 

(8) 
15-16 

(9) 
17-18 

(10) 

19-20 

(11) 
21-32 

(12) 

23-22A 

1 000  E  A  o  f rom  Table  8 

+     1.8224 

4-219.83 

0 

-f-      1.4551 
+  252.45 

1 

+      1.0.379 

+  890.45 

.2 

+     1.1186 

+  512.24 

3 

+      1.1194 

+  661.12 

4 

-1-     1.003 

-■-619.10 

5 

+     1.0470 

+  691.75 

H 

+      0.7016 
+  700.20 

+      0.5250 

-H  911.56 

8 

+         0.8585 

+  1  280.89 

9 

+         0.0797 

-f  8  003.08 

10 

n 

11 

Panel  point. 

0        1        2 

i 

2 

4 

4 

6 

6        j         8 

8 

10 

10 

12 

12 

14 

14 

16 

16 

18 

18 

20 

20 

22 

1  000  E  A  a' 
=  10OOi;Aa|i-(n+l)].. 
lOOOEAa" 

-7.103 

-  6.763 

-6.430 

-  8.902 

+  10.076 

-9.182 

—  9.477 

—  9.712 

—  7.433 

-f  8.133 

-6.906 

—  4.840 

—  2.879 

+  2.959 

-1-9.425 

+  8.210 

+  7.460 

-1-  10.308 

+ 10.583 

+  10.759 

+  7.431 

-1-5.099 

Total  elastic  panel  load, 

lUXIE[Aa'  + Aa"] 

-7.603 

+  2.670 

+  1.788 

-1.502 

+  0.893 

+  0.825 

+  0.871 

+  3. 387 

+  1.827 

+  2.591 

+  2.880 

-f  2.959 

Panel  length,  A  =  42.5  ft. 


TAELE  10. — Determination  of  Elastic  Panel  Lo.\ds,  J  a  -{-  ^  a",  for   Verticals. 


Member. 

(1) 
01 

(2) 

2-3 

(3) 
4-5 

(4) 
67 

(S) 
8-9 

(6) 
10-11 

(7) 
18-13 

(8) 
14-15 

(9) 
16-17 

(10) 

18-l!l 

(III 
20-21 

(12) 
22-23 

000  KAa  from  Table  8 

+   9.1090 

4-42.60 

0 

+      2.1145 

+  244.74 

1 

+      1.6703 

+  321.P8 
2 

+      1.3605 

-1-481.77 

3 

+     0.7367 

+  719.61 

4 

+      0.5874 
+  S25.1S 

+     0.3841 

+  987.16 

6 

+         0.8058 
-1-1291.22 

+        0.0701 
+  2116.72 
8 

—  0.0(107 

—  80  066.0 

9 

-f        0.0128 

—  1131.54 

10 

+     0.1565 

—  302.21 

11 

Panel  point.                 i       0 

1 

2 

2 

4 

4 

6 

B 

8 

8 

10 

10 

12 

12 

14 

14 

10               16 

1 

18 

18 

SO 

20               22 

22 

22A 

1000  E^c.' 
=  1000  KA,    1^1  -(,H-1)J.. 
1000  EAa" 

=  lUOO  iBAoTf  -nl 

0 

-1-  9.109 

—  7.947 

-7.646 

—  9.980 

-8.790 

—  7.880 

-6.233 

—  4.693 

-1.864 

+  0.482 

+  0.156 

+ 10.062 

4-  9.315 

+  11.341 

+  9.527 

+  8.467 

+  6.617 

+  4.798 

+  3.014 

+  1.255 

. 

I  A           J           1 

1000  JE[aa-  +  Ao"]... 1        0 

+  1.162 

+  2.416 

-0.665 

+  2.551 

+  1 .647 

+  8.234 

+  8.084 

+  1.854 

+  1.760 

+  1.737 

i 
—  0.313           j 

HELL   GATE   AKCH   BRIDGE 
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TABLE    11. — Correction   of   Influence   Ordinates   for   Horizontal 

Eeaction  Due  to  Loads  Applied  to  Verticals  at  Floor  Level. 
1000  E  2/11  =  65^13.6. 


Member. 

Total 

length, 
s,  in  feet. 

(a) 

-Length 

below  floor, 

s'  in  feet. 

(3) 
1  000  EAs 
1  000  S s 

A 
From  Table  8. 

(4) 

A 
Katio  — -. 

A 

(5) 
Correction. 
1  000  /?As        s'  ^ 

1  000  £  2  A  i       s 

A 
A'' 

0-1 

140.00 
112. '.)8 
92.95 

95 
60 
20 

387.13 

312 

1  255 

0.00396 

2-3 
4-5 

427.64 
895.95 

l2Ti-«-9i 

1^  =  0.88 
267 

0.00315 
0.00149 

! 

denote  the  elastic  elongation  of  the  top,  bottom,  vertical,  and  diagonal 
members,  respectively,  of  the  center  panel,  and  is  the  inclination  of 
the  diagonals  to  the  horizontal.'    We  thus  obtain 

Z  =  0.1335  H  —  0.01538  m  P. 

Consequently,  for  the  sole  application  of  i/  ^  1,  X  =  +  0.1335  is  the 
stress  in  each  center  diagonal,   and  the  resulting   corrections   in  the 
other  members  of  the  center  panel  are  included  in  Tables  7  and  8. 
The  corrected  value  of  the  influ- 
ence line   for  H   is   thus   found, 
although  the  effect  on  H  of  the 
foregoing  correction  proves  to  be 
quite  negligible. 

Substituting  the  resulting 
values  of  H  with  the  correspond- 
ing values  of  m  in  the  foregoing 
equation,  we  obtain  the  influence 
values  of  X  for  a   unit  load  at  ^'''-  ^^■ 

the  successive  panel  points  of  the  span.  These  values  are  tabulated  as 
the  influence  ordinates  for  the  center  diagonal  in  Table  15  (Plate 
XLII),  and  the  corresponding  corrections  are  tabulated  for  the  other 
members  of  the  center  panel  in  Tables  13  and  14  (Plate  XLI),  and 
Table  16  (Plate  XLII).  All  the  remaining  members  of  the  truss  are 
unaffected  by  the  double  center  diagonals. 

2. — Influence  Lines  for  Arch  Truss  Members. 

The  influence  ordinates  for  the  stresses  in  the  members  of  the 
arch  truss  were  determined  analytically  as  follows: 

Assuming  the  truss  to  be  a  simple  span,  the  influence  line  for  the 

stress  in  any  member  has  two  straight  segments,  A^  B^  and  B^  A^  (Fig. 

55),  which  intersect  at  C^  vertically  below  the  center  of  moments,  C, 

X  x' 

of  the  member,  and  have  the  ordinates,  A^.,  A^  =  — ,  and  Bj,  B^  =  — . 
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TABLE  13 — Detebminatiok 

OF  Influence  Ordinates. — 

For  Bottom  Chord. 

LirE  Load  per  Panel  =  510  000  lb.  =  1  000  P. 

All  Stresses  Givxn  in  Units  ok 

1  000  LB. 

+  Denotes  teoaloD. 

—  Denotes  compreasloo. 

== — 

(1) 

■r.in 
feet. 

feet. 

(31 

Ul 

(s) 

(61 

PaNSL  POWTS.— AiL  VaLUBS  is  Te«8K  COLOBMB  ARK 

iKFLniwcK  Ordinates,  amd  a 

RB  ExpReasBD  IN  Tbousakotbs  or  A  Unit. 

<3I)       1        (3>l 
iNrLUKNCB  Abba,  Z 

(31) 

(34)          1          (35) 
LltTB-LOAD  8TBE88  =  P  ^    It. 

» 

^ 

' 

« 

8 

10 

12 

■' 

,6 

,8 

20 

22 

22 

20 

18 

16 

14 

12 

.0 

8 

6 

' 

2 

» 

llraDer. 

Poeitive. 

+ 

NegBtlTe. 

Total. 

+ 

- 

is 

litlueDM  ordinate. 

Z=Zo  +  Z, 
Zi 

z=z„  +  z, 

Zi 
Z=Zo  +  Z, 

Z  =  Z„'+  Zt 

z  =  zUz, 
z,  =  zl  +  z, 

Zi 
Z=Zo  +  Z, 

z, 

Z  =  Z,  +  Zt 
Z  =  Z„'+  Zl 
Z=t+Zi 
Z=Z^'+Zi 
Correct  Za 

z=z„+z,+z. 

+  4 

+  4 

+  4 

V 

+0^ 
+  4 

+|4 

+  4 

+  4 

V 

+  4 

+0.06 
+  6 

+  111 

+  818 

+  811 

+  410 

+  502 

+  688 

+  666 

+  730 

+  788 

+  820 

+  841 

+  841 

+  820 

+  783 

+  730 

+  665 

+  588 

+  602 

+  410 

+  811 

+  218 

+  111 

+  4 

42.5 
8S.0 
IB.B 
170.0 

m.t 

SB.O 
WO.O 

sai.6 

(IB.O 

m.n 

935.0 
SM.S 
850.0 
807.5 
766.0 
Ttt.t 

687.5 
596.0 
562.5 
488.79 

-o.Toe 

_  0.869 
-0.998 

-  1.877 

-  1,509 

-  1.64T 
-1.678 

-  5.478 
_  4.722 
-4.0S2 

-  2.858 

-  2.582 
-2.347 
-2.149 

-  i.ms 

-2.146 
-2.668 

-  4.864 

-  5.418 

-  6.895 

-  6.261 
-8.470 

11.962 

t.aa 

7.019 
5.678 

3.950 
8.288 
2.706 
2.178 
1.718 
1.438 
1.252 

0 
0 

0 

0 
0 

0 

648 
808 
980 
961 
891 
766 
565 
8U 
188 
128 

+  11 
+    8 
+    6 
+    4 
+    » 
+    2 
+    2 
+    1 
+    1 
+    1 
+    I 
+    I 

962 
829 
476 

no 

■m 

990 
897 
961 
628 
S94 
260 
124 

8  057 
7  746 
7682 
7692 

7  492 
7  192 

6  013 

6  165 

4  131 

""+ 

" 

+  1U 

-  272 

-  161 

-  288 

-  127 

-  124 

-  IS 
-112 

-  102 

±i 
+    18 

-  o.m 

+    2> 

+  MS 

~476 

-411 

-  198 
-355 

-  142 
-812 

-  99 

-226 
-204 
±.8«' 

+    60' 

+  311 

+    6) 

-  632 

-  467 

-  156 

-306 
±J 

±241 

-  0.52 
+    65 

+  410 
+  176 

-  300 

-  623 

-  213 

3  497 

-408 
+      2 

-  372 

+  .25 

-  827 

+    62' 

+  502 
+  2«0 
+  jM 

-  170 

-  m 

-  692 

-  190 

-610 

-  8 

-  466 
+  ^36 

+    98' 

+  588 
-210 
+  878 

+  202 

-736 

-  148 
-831 
-218 
-746 

-612 

-  24 

-  659 

"'■490 

-  1.66 
+    96 

+  665 
ll98 
+  467 

+  802 
-493 
+  ™ 

-782 

-  117 
-8-0 

-  206 

-  121 

-  714 

-  49 
-652 
+    13 
-672 

+    9l' 

+  780 
I  185 
+  645 

+  390 
-462 
+  208 

+  170 
-019 
+    81 
-733 

-  3 
-816 

-  168 
-816 

-  86 
-745 

-  2.86 
+    74 

+  7ra 
+  610 

-  SIS 
+  465 

-  431 
+  362 

±i 

±s 
+  99 

-761 
+    22 

-  838 

-  918 

-  135 

-  785 

-  8.81 
+    44 

+  820 

+  659 

+  526 
-400 
+  420 

+  834 

-  563 

+  SI 

-  636 
+  185 

±1 

-  SS 
-931 

-817 

±ss 

^  Ire 

+  569 

+  471 

-  448 
+  ™ 

±'^ 

±^ 
+  189 
I719 
+  Ig 

+    54 
-859 
_    18 

-  6.87 

-  68 

+  811 

-  136 

±i 

+  602 
+  430 

±i 

+  803 

-  698 
+  243 

-898 

+  820 
-  124 
+  090 

+  .™ 

+  512 
-374 
+  446 

±i 

+  3.51 
+  276 

-656 
+  164 
-718 

-817 

+  783 

-  Ill 

±ia 

+  570 

+  606 
-3S8 
+  447 

-  390 
+  893 
-440 
+  343 
-489 
+  294 

+  244 
-690 
+  193 
-645 
+  ™ 

-  8.81 
+    44 

+  730 

-  99 

±S 

±IS 

+  481 
-299 
+  481 

+  384 

-  891 
+  339 

+  295 

+  251 

-  525 
+  206 

±B 

-  0.96 
+    74 

+  665 

-  86 
+  579 

-  159 

±t?§ 
+  449 
_  269 
+  g 
+  862 
-312 
+  323 

+  284 

-  419 
+  248 

-  459 
+  206 

+  IM 

-  2.12 
+    91 

+  588 
+  614 
+  4,52 

±1 
+  364 
-280 
+  328 
-293 

±1 

±i 

+  194 
I  480 
+  158 

-      1.65 

+    96 

+  502 
I    62 
+  440 

+  889 

-  151 

±111 

+  286 
-244 
+  268 
-272 

-328 
±IS 

±1SI 

-  1.10 
+    93 

+  410 

-  49 
+  881 

+  819 
-123 

±?s 

±f7j 

±?g 
+  214 
-217 
+  193 

+  170 

+  148 
I287 
+  128 

-  0.73 
+    82 

+  311 

±"el 

+  2ffl 

+  219 
-  112 
+  Ig 
+  182 

±ii 

+  148 
+  181 

-m 

+  114 
I216 
+  j96 

+    65' 

+  218 

±'i 
±1 

±'i 
±'91 

+  116 

+  104 

-  120 
+    93 
-181 
+    82 

-  148 
+    70 

-1127 
+    50' 

±1! 

+    80 

-  S7 

±s 
±1 

-  64 

±S 
+    61 

+    45 

-  o.or 

+    29 

+  4 

+  4 

+  4 

+  1 
+  J 
+  4 

+  4 
+  4 
+  4 

tr 

166 

1  601 
1  809 
1  949 

1  682 

600 
422 

1  6- 

|i  + 

+  [^+ 

S-10 

TTT 

II  II  II 

i 

!»-» 

s 

a-m 

TABLE  14. — Determination  of  Influence  Ordinates. — For  Top  Chord.    Live  Load  per  Panel  =  510  000  lb,    =  1  000  P.     All  Stresses  Given  in  Units  of  1  000  lb. 


Panbl  Points.— All  Valubs  m  Tbbsb  Coldhns  Are  Imfliibhcb  Ordinates,  . 


E  EXPBESSBD  IH  TbOOSAHDTBB  O 


+  Denotes  teniiiOD. 

—  Denotes  compresaiop. 


407.6 
488.76 


807.6 
765.0 
722.6 
680.0 
687.5 


2.650 
2.819 


+  5.478 
+  6.470 


Zs  Z„  +  Z, 

Zl 
Z=  Z„  +  Zi 

Zl 

z=z„  +  z, 

Zl 

Z  =  Zo  +  Zl 

Z  =  Z„'+  Zl 
Zl 

Z  =  Zn  +  Zl 

Z=Z„'+Zi 

Zl 
Z=Zo  +  Zi 

Zt 
Z  =  Zo  +  Zl 

Zl 
Z  =  Z,  +  Zi 

Z  =  Zo  +  Zl 

Zl 
Correct  Zs 


+  210 
—  808 
+  194 


+     oia 

+     20 


+        0.6 

+    2a 


+  172 
—  443 
+  145 


+     1.8 
+    10 


+  40 
-886.4 
+     0.1 


+  811 

—  161 

+  160 

—  168 
+  158 

+  145 

+  186 


+    78 

—  266 
+    66 

—  277 
+    81 

—  289.8 
+  0.6 
+    22 


+  218 

+  112 

—  106 
+  107 

—  Ill 
+  102 

—  117 
+    96 

—  128 
+    90 


+      0.3 
+    SO 


3. 119 
2.866 
2.698 
2.317 
2.026 
1.7S4 


3  419 
2  931 


.r.r  !B.J'JA' 


.',T.as*    OT.*'- 


"^i  ^- 
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TABLE  15.— Dbteemjnatiok  of 

Influence  Obdinates.- 

-Fob  Diagonai.8. 

Live  Load  per 

Pamel 

=  510  OOC 

LB.  =  1  000  P. 

Ali,  Stresses  Giten  In  Units  of 

1  000  LB 

+  Dt 

co»»,„<«^ 

==^ 

i 

f,rt° 

C3) 

14) 

15) 

(6) 

P>™.  Poi«™.-ALL  V.LU»  w  T..«  00»™.  <»  I,n.™o.  0.o«at™.  a™,  ab.  EiP.<B..»  .»  T.o™a™™.  0.  »  U»rp. 

.30      1        (a»        1      (33) 
tswtuncK,  ABU  z  =  Z  t. 

134.          1           <3.^ 

» 

' 

' 

• 

• 

" 

- 

,. 

■0 

« 

» 

« 

« 

» 

.8 

18 

» 

« 

■0 

» 

• 

* 

" 

» 

Member- 

+ 

Negative. 

ToWl. 

+ 

- 

- 

l.».ncoraii«». 

Z=f.  +  Z, 

z  =  z„  +  z, 

z  =  z„  +  z, 
z=  ^  +  z, 

Z^Z^  +  Zi 
Z=  Z,  +  Zt 

z^zl  +  z, 

Z=.Z,  +  Zt 

z  =  z,+z. 

+  4 
+  ■* 

+  i 

+  4 

+  4 

+  * 
+  4 
+  4 

+      111 

+       iS 
+        6S 

+        U 

+        76 
+        «■ 

+       91.8S 

t    i' 

+     a* 

+        85 
+      107 
+      122 
4-      140 

4-     :6S 

+      188 
+      162 
+      174 
+      802 
+      839 

+    «o 

+    iw 

+      2CT 
+      264 

+      5M 
+      274 

+      M8 
Z      929 

+      870 

e| 

-  i 

+     IS 

+     n 

+  M 

+     IM 

+    m 

+       47 

+      811 
+        68 

+      Ml 
+      !87 
+      S« 

+      187 
+      1£^ 
+        55 

+      MO 

±  Ul 

+      271 

+    go 

+       188 
+       H6 
+        81 

-1  1»9 
+      ^^8 

+    ^ 

+      |9l 
+      248 
-f      1M 
+       140 
+        73 

+      2BB 
+      2M 

+      208 
+      158 

+      865 
+      812 
+      288 
+      840 
+      20B 
+      185 

+    lis 

+         48 

+       IsiQ 

+      688 

+      886 
4-      260 

+      250 
+      229 

+    m 

4-      124 
4-       B5 

+          7 
-      186.51 

±  1^' 

4-811 
4-  160 

4-  147 
4-  IBS 

4-  115 

±1 

4-    74 

4-    46 

+  118 
+  IM 

+    55 
+     12 

+  |j2:i 

4-  111 

-f    61 

4-  sa 

+    46 
+    89 

4-    88 

4-4 
4-  4 
4-4 

4-4 

4-4 
4-4 
4-4 
4-4 
4-4 
4-4 
4-4 

H«r.  r«eUo« 

1  SM.W 
!  008.10 

4]6.38 
1B7.30 

-l.OU 
-1.8U 

+  SOU 

-0.8« 

-o.eio 

910 

lE 

:: 

;E 

s  1+ 

M 

i-Hg 

-    a«2    :  -    327 

1  =- 

HO 

+       115 

+      145 

+        01 

H-  iJ. 

8 

si 

is-n 

f 

IMS 

i 

aw'* 

;'f 

■ 

-        S7 
S6S.08 

1 

] 

;     ^88- 8 

m 

n-ii 

_ 

_ 



TABLE  16. — Deterbiination  of  Influence  Ordi nates.— For  Verticals.     Live  Load  per  Panel  =  510  000  lb.  =  1  000  P.     All,  Stresses  Given  in  Units  of  1  000  lb. 


CO 

X-.la 

(3) 

141 

'S) 

'" 

Pi».I.  POI«T..-Al.L  V».,„  ,»  r»...  COLOBS,  »a.  I»FL,.KC.  0.0.».T«>  i,D  A,,  Elr.«„.»  »  TBOWA,.,„B,  „,  .  U».T. 

(31) 

( 

») 

133) 

(341 

(39) 

'    i    ° 

« 

1. 

19 

1. 

,0 

,. 

. 

22 

29 

. 

18 

1. 

» 

■9 

10 

> 

' 

' 

' 

» 

l»I-l.ra»CBABB«.  Z=I.. 

LIVB-LOID  8TBEBS  =  F  ^  Z  2 

J, 

'-f"' 

Negative. 

Total. 

■t- 

- 

I.,Ju«,«ortl..». 

1° 

l=|tzl 

z  =  ^  4-  z, 
z=  ZoVz, 

z-ltzl 

Z=Z,-f'z,-HZ, 

+  Jl  < 

+       4 
0 

+        4 

+       4 
+       4 

-(-        i 
-t-        4 

■(-        4 

4-    111 

-t-      41 

-!-      M 

+     218 

4-       80 
4-    ]61 

4-    311 

4-    110 
+    8^ 

—   asi' 

;;1 

:'i 

~i  nra 

—  1888 

-      87 

4-     788 
4-      77 
4-      80 

ill 

^     655 
+     165 

4-     112 

+      68 

+    841 
-1-     21I0 
+     1S7 
+    139 

+    ^ 

ill 

+     287 
-1-    242 
-f     192 

+     128 

-f       37 

ii| 

+     696' 

-H    2B0 
4-       1 

4-     829 
4-    298 

+     252 

4-    1^ 

-1-    '46 
+    664' 

4-    327 
4-    MH 

-1-    210 
4-     146 
+     ^^5 

Vii 

+    689' 

-1-    252 

+     IG4 
+       92 

+         8 

+    506' 

4-    688 

4-     261 

4-     234 

+     1511 

+      97 
+      2S 

~10«6 
4-    457' 

4-    MB 

4-     250 

-i-     2B9 

+     207 
-     325 
4-     177 

+       B3 

±i 

4-     410 
+     208 
+     198 
4-     174 
+     150 
4-     118 

4-       31 

-    isj 

-1-     829 

+    311 
+     160 

4-     184 

-    219 
+       92 

4-      65 

4-      89 

+  9iir 

+  112 

+    104 
-1-       95 

+       « 
-(-       95 

ii| 

+     171' 

+     111 

+    61 
+    57 
4-    6S 

4-    38 
+    29 

zl 

*|.o 
+  a' 

+  4 
+  * 
-!-4 
4-4 
4-4 
4-4 
4-4 
4-4 
-1-4 
-1-4 
-1-4 

0-1 

825.18 
801.91 

985.00 

D.M 
819.79 

-  1.159 

-  1.968 

-  1.495 

-  8.10O 

-1-   0.091 

^-  o.eso 

+   1,888 
+   6.1UW 

•n.ooi 

+  0.910 
4-0.780 

-+-o.n5 

+  0.69* 

-t- 0.846 
+  0.154 
-0.001 
-0.988 

1.998 

i.eH 

18.880 

4 

916 

524 
066 

:: 

797 
797 

i  873 

;: 

AboT,  Boor. 

Abov"  floor 

fblTeflTor. 

8-7 

Below  floor. 

M 

jr      0     _. 

10-11 

Ulil 

15-17 

15-1» 

1  «!»  71     -1-   1  m 

i    s     " 
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TABLE   17. — Determination  of  Dead-Load   Stresses   for  Case  II. 
Panel  Length,  \  =  42.5  ft.    All  Loads  and  Stresses  Given  in  Units  of  1  000  Lb. 


Panel  Poimts. 

(1) 
0-1 

(2) 
2-3 

(3) 
4-5 

(4) 
6-7 

(5) 
8-9 

(6) 
10-11 

(7) 
12-13 

(8) 
14-15 

(9) 
16-17 

(ID) 

18-19 

(II) 
20-21 

(n) 
22-23 

+  183 
--  808 
--  324 

+  187 
+  261 
—  143.23 

+  174 
-^234 
—  196.28 

+  157 
—   42.33 

+  160 
—    92.23 

+  155 
—    97.28 

+  135 
—  143.23 

+  140 
-164.23 

+  140 
—  165.23 

+  140 
— 175.28 

+  187 
—  183.23 

+  130 
—  170.23 

1 

n 

S 

\^ 

\ 

+  820 

+  304.77 

+  211.77 

+  114.77 

+    67.77 

+    57.77 

—     8.23 

—   24.23 

—   25.23 

—   85.28 

—   45.23 

—    40.23 

1 

L 

s-srS' 

+  578.47 

+  278. TO 

+    61.93 

—    52.84 

-  120.61 

—  178.38 

—  170.15 

-  145.92 

—  130.69 

—    85.46 

—    40.33 

W'  °- 

0 

+  578 

+  852 

+  914 

+  861 

+  741 

+  562 

+  392 

+  246 

+  126 

+    40 

0 

Top  Chord. 

1-3 

8-5 

5-7 

7-9 

9-11 

11-13 

13-15 

15-17 

17-19 

19-21 

21-23 

23-3SA 

-  223 

—  408 

-523 

—  558 

-529 

—  441 

—  336 

—  238 

—  124 

—    41 

0 

0 

Length  ot  A  B  =  s^ 

Length  of  B  C  =  s^, 

Bottom  Chord. 

0-2 

2-4 

4-6 

6-8 

8-10 

10-12 

12-14 

14-16 

16-18 

18-20 

20-22 

22-22A 

Length  ot  D  B  =  t^ 
Length  ot  A  D  =  »^ 

Stress,  Case  11,  — 

0 

+  276 

+  477 

+  578 

+  587 

+  549 

+  452 

+  341 

+  229 

+  125 

+    41 

0 

Stress  in  AB  =  L 
Stress  in   B  C  =  L' 
Ordinate  C  -  31,3  ft. 

0 

+     5.12 

+      9.17 

+    11.41 

+    12.10 

+    11.69 

+     9.89 

+     7.65 

+     5.25 

+     2.90 

+     0.97 

0 

Sj        Length  of  member,  in  feet 

i'           L 

+       5.12 

+     4.05 

+     2.24 

+     0.69 

—     0.41 

—     1.80 

—     2.24 

—     2.40 

—     2.35 

—      1.93 

-     0.97 

0 

'f          'b 

DlAQONAL. 

1-2 

3-4 

5-6 

7-8 

9-10 

11-18 

13-14 

15-16 

17-18 

19-20 

31-22 

23-22 

Sfresa  -  «     T  ^'           ^  I 

+  572 

+  365 

+  170 

+    47 

—   26 

—  109 

—  131 

-137 

-132 

—  109 

—    55 

0 

"LV       ^J 

Vertical. 

0-1 

2-3 

4-5 

6-7 

8-9 

10-11 

12-13 

14-15 

16-17 

18-19 

20-31 

32-38 

Reaction 

for 
Case  11 
=  1400 

-716.80 

—  457.37 

—  208.17 

—    55.20 

+    29.18 

+  114.17 

+  127.23 

+  123.05" 

+  110.10 

+   84.04 

+   40.09 

+    17.07 

+    30.56 

+   38.02 

+   40.29 

+   38.96 

+    32.96 

+    25.50 

+    17.50 

+     9.67 

+     3.23 

0 

Lower  panel  point  concentration 

-    824 

—  143.28 

—  196.23 

—   42.23 

—    92.23 

—    97.23 

—  143.23 

—  164.28 

—  165.23 

—  175.28 

—  182.23 

—  170.33 

Stress  in  vertical  below  floor 

-1076 

—  848 

—  623 

—  212 

—  107 

-    £9 

+     4 

—    12 

-    25 

-   55 

—    95 

—  130 

Stress  in  vertical  above  floor 

1 

1 

1 

1 

1 

1 
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To  simplify  the  calculation,  these  ordinates  were  assvimed  as  mul- 
tiplied   by    the    value.  — ;   in    other    words,   the    ordinates,    A^  A^  and 

i?j  B.y^  were    made    equal  to  —  and  — ,    respectively  (Fig.   55).      The 

intermediate  ordinates,  Z^,  of  the  lines,  A^  C ,,  and  C,  B^,  were  then 
obtained  by  simple  proportion  from  the  ordinates,  A^  A^  and  B^  B^. 
(Tables  13,  14,  15,  and  7.)  These  ordinates,  Z^,  were  then  added  alge- 
braically to  the  influence  ordinates,  Z^,  for  the  horizontal  reaction 
(polygon,  A^  C^  B^),  in  order  to  get  the  influence  ordinates,  Z,  for  the 
two-hinged  arch  condition. 

To  obtain  any  stress,  the  sum  of  the  influence  ordinates,  Z,  finally 

y 

had  to  be  multiplied  bv  the  coefficient,  -^. 

r 

3. — Live-Load  Stresses. 

The  assumed  live  load  is  6  000  .lb.  per  lin.  ft.  of  track,  or  12  000 
lb.  per  lin.  ft.  of  truss,  which  gives  a  full  panel  load  per  truss  of 

12  000  X  42.5  ft.  =  510  000  lb. 

To  determine  the  maximum  live-load  stress  in  any  member,  the 
influence  ordinates  of  the  same  sign  were  added  (Columns  31  and  32, 
Tables  13,  14,  15,  and  16),  proper  corrections  being  made  for  partial 
panel  loads  at  the  end  vertical  and  at  panel  points  adjacent  to  the 
zero  points  of  the  influence  line. 

The  sum  of  the  influence  ordinates  was  then  multiplied  by  the  coeffi- 

y 

cient,   — ,  multiplied  by  tlie  panel  load,  510  000  Jb,,.,,(-Clplumns  34  and 
r 

35,  Tables  13,  14,  15,  and  16).  '^  '  ^"TT. 

4. — Dead-Load  Stresses. 
The  arch  was  erected  so  as  to  act  as  three-hinged  for  all  the  dead 
load  except  the  concrete  and  timber  flooring,  ballast,  and  tracks,  which 
were   placed    after   the   trusses    had   been    converted    into    two-hinged 
arches. 

For  the  three-hinged  arch,  the  stresses  were  determined  as  follows: 
First,  the  horizontal  reaction  was  determined  for  the  actual  panel 
concentrations.  Then,  a  uniform  load  was  determined  which  would 
cause  the  same  horizontal  reaction.  For  this  uniform  load  (16  000 
lb.  per  lin.  ft.,  or  6S0  000  lb.  per  panel  per  truss),  the  stresses  were 
determined  in  the  bottom  chord  members  (Case  I).  As  the  bottom 
chord  panel  points  are  on  a  parabola,  no  other  members  are  stressed 
for  this  case,  and  the  stress  in  any  bottoni  chord  is  equal  to  the  hori- 
zontal reaction  multiplied  by  the  ratio  between  the  length  of  the  mem- 
ber and  the  panel  length. 
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All  Stresses  Given  in  Units  of  1  000  lb. 


TABLE  18— Dead- 


Bottom  Chord. 

0-2 

2-4 

t 

4-6 

6-8 

Case  I 

—  11  457 
0 

—  11  023 

+       276 

—  10  616 
+       477 

10  239 

Case  II 

+      573 

Total  case,  I  +  11 

{      —11457 

—  10  747 

—  10  139 

9  666 

Case  III  

—    5  008 

j      —    4  712 

—    4  406 

4  101 

Total  case,  I  +  II  -|-  III 

16  465 

1      —  15  459 

-14  545 

13  767 

Top  Chord. 

1-3 

3-5 

5-7 

7-9 

Case  I 

0 
—       223 

0 

-       408 

0 
—       523 

0 

Case  II 

558 

Total  case,  I  +  II 

—       223 

—       408 

—       523 

—      558 

-        84 

—       199 

-       340 

488 

Total  case,  I  +  II  +  HI 

—       307 

—      607 

—       863 

—   1  046 

Diagonals. 

1-2 

3-4 

5-6 

7-8 

Case  I 

0 
+       572 

0 
+       365 

0 

+       170 

0 

Case  II 

+        47 

+       572 

+      365 

+       170 

+        47 

Casein 

+       216 

+       230 

+      224 

+      215 

Total  case,  I  -|- II  +  III 

+       788 

+       595 

+      394 

+      268 

Verticals. 

0-1 
Below  floor. 

2-3 
Below  floor 

4-5 
Below  floor 

6-7 

Case  I 

0 
—    1  076 

0 
—       843 

0 
—      623 

0 

Case  II 

—      212 

Total  case,  I  +  II 

—    1076 

—       843 

—      623 

—      212 

—       374 

—      561 

—      570 

—      230 

—    1  450 

—    1403 

—    1  193 

—      442 

Verticals. 

Above  floor 

Above  floor 

Above floor 

Case  II 

—       768 

—      582 

-      389 

Total  case,  I  +  II 

—      768 

—       582 

—      389 

Case  III 

—      218 

—       244 

—      253 

Total  case,  I  +  11  +  III 

—      986 

—       826 

—      642 

Horizontal  Reaction  for  Case  I  =  8  672  900  lb.   Bottom  Chord  Stress  for  Case  I  =  Horizontal 
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Load  Stresses. 


8-10 

10-12 

12-14 

14-16 

16-18 

18-20 

20-22 

22-22' 

—  9  896 

+   587 

—  9  585 

-f-   549 

—  9  315 

+   452 

—  9  089 
-1-   341 

—  8  910 
+       229 

—  8  779 
+       125 

—  8  700 
+    41 

—  8  673 
0 

—  9  309 

—  9  036 

—  8  863 

-  8  748 

—  8  681 

—  8  654 

—  8  659 

—  8  673 

—  3  812 

—  3  533 

—  3  259 

—  3  008 

—  2  785 

—  2  604 

—  2  481 

—  2  305 

—  13  121 

—  12  568 

—  12  122 

—  11  750 

—  11  466 

—  11  258 

—  11  140 

10  978 

9-11 

11-13 

13-15 

15-17 

17-19 

19-21 

21-23 

23-23' 

0 
—   529 

0 
—   441 

0 
—   836 

0 

—   228 

0 
—   124 

0 
—    41 

0 
0 

0 
0 

—   529 

—   441 

—   336 

—   228 

—   124 

—    41 

0 

0 

—   636 

—   793 

—   951 

—  1103 

—  1  234 

—  1  332 

—  1373 

—  1384 

—  1287 

—  1  165 

—  1  234 

—  1287 

—  1331 

—  1358 

—  1384 

—  1  287 

9-10 

11-12 

13-14 

15-16 

17-18 

19-20 

21-22 

23-22' 

0 
-    26 

0 
—   109 

0 
-   131 

0 
-   137 

0 
—   132 

0 

—   109 

0 
—    55 

0 

0 

—    26 

—   109 

-   131 

-   137 

—   132 

—   109 

—    55 

0 

+       222 

+   227 

+       225 

+   213 

+       185 

+      140 

+        77 

-   138 

-1-   196 

-1-   118 

-1-    94 

+    76 

+    53 

+    31 

-1-    22 

—   138 

&-9 

10-11 

12-13 

14-15 

16-17 

18-19 

20-21 

22-23 

0 

—   107 

0 

—    29 

0 

+    4 

0 
—    12 

0 
—    25 

0 
—    55 

0 
-    95 

0 
—   130 

—   107 

—    29 

+    4 

—    12 

—    25 

—    55 

-    95 

—   130 

—   197 

-   181 

—   158 

—   127 

-    87 

-   39 

+    15 

-f   166 

—   304 

—   210 

—   154 

—   139 

—   112 

—    94 

-   80 

+        36 

Reaction  X 


Length  of  Member 
Panel  Length 


-|-  Denotes  Tension. 


Denotes  Compression. 
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Then  the  stresses  were  determined  for  the  difference  between  the 
actual  and  the  uniform  load  (Case  II).  As,  for  both  the  actual  and 
the  uniform  loads,  the  horizontal  reactions  are  the  same,  that  is,  their 
difference  is  zero,  it  was  possible  to  determine  the  stresses  for  Case  II 
as  for  a  simple  span.  The  stresses  in  the  chord  members  were  deter- 
mined from  the  bending  moments.  The  stresses  in  the  web  mem- 
bers were  then  obtained  by  resolving  stresses  at  the  lower  panel 
points.     With  the  notations  given  in  the  diagram  on  Table  17  (Plate 

XLIII)  we  have,  stress  in  diagonal  =  s^  f^ —  —  )  ,  stress  in  vertical 

below  floor  =  —  s,   ( —  )    +  C \-  panel  load  at  bottom  chord. 

The  stress  in  the  vertical  above  the  floor  is  found  by  deducting  the 
panel  load  at  the  floor  height  from  the  stress  below  the  floor. 

For  the  two-hinged  arch  (Case  III),  the  stresses  were  determined 
from  the  influence  ordinates  in  a  manner  similar  to  that  described 
for  live  loads.     For  panel  concentrations,  see  Plate  XXVIII. 

Finally,  the  stresses  for  Cases  I,  II,  and  III  were  combined  to  obtain 
the  total  dead-load  stresses  (Table  18). 

5. — Temperature  Stresses. 

Assuming  the  arch  bearings  as  free  to  move  longitudinally,  a  hori- 
zontal force  of  unity  applied  at  each  hinge  causes  a  change  in  the 
span  length  equal  to  2  ^  Z.    A  change  in  temperature  of  i  =  72°  Fahr, 

causes  a  chansre  in  the  span  length  equal  to  £  i  Z  = X  72  X  977.5 

^  '         ^  1.50  000 

X  12  =  5.63  in. 

The  horizontal  reaction  due  to  a  change  of  temperature  of  72° 
Fahr.,  therefore,  is 

e  t  I 

The    temperature    stress    in    any    member    is    then    found    as    the 

y 

product  of  flj  with  the  corresponding  value,  <Sj  =  —  (Table  19). 
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APPENDIX  B 


Financing,  and  Franchise 
OF  THE  New  York  Connecting  Eailroad  Company. 

A  General  Statement,  Furnished  by  the  Railroad  Company. 

The  scope  and  cost  of  this  extraordinary  work  and  the  great  possi- 
bilities for  transportation  service  which  it  opens  up,  justify  a  short 
record  for  public  information  as  to  the  principal  facts  concerning  the 
company  under  whose  powers  it  was  built,  its  incorporation,  and  its 
financing. 

The  railroad  was  originally  conceived  in  1892  by  Oliver  Barnes 
and  Gustav  Lindenthal,  Members,  Am.  Soc.  C.  E.,  on  practically 
the  same  location  as  that  on  which  it  was  built. 

The  Certificate  of  Incorporation  of  The  New  York  Connecting 
Kailroad  Company  was  filed  and  recorded  in  the  office  of  the  Secretary 
of  State  of  the  State  of  New  York  on  April  21st,  1892,  and  provided 
for  a  steam  railroad  of  about  10  miles  in  length,  the  termini  of  which 
were  to  be  "in  Westchester  County,  east  of  the  Bronx  River,  and  in 
the  City  of  Brooklyn." 

Among  the  incorporators  were :  Oliver  W.  Barnes,  Frank  M.  Clute, 
Alfred  P.  Boiler,  Charles  Macdonald,  and  Thomas  S.  King;  the  cap- 
ital stock  was  placed  at  one  thousand  shares,  par  $100  000,  all  preferred 
stock. 

In  April,  1902,  The  Pennsylvania  Railroad  Company  completed 
the  purchase  of  the  entire  outstanding  stock  of  the  Connecting  Com- 
pany, and,  in  accordance  with  a  prior  understanding  with  The  New 
York,  New  Haven  and  Hartford  Railroad  Company,  a  short  time 
thereafter,  sold  one-half  of  this  stock  to  that  Company. 

On  June  11th,  1903,  application  for  the  franchise  required  from 
the  City  of  New  York  was  made  by  the  Company  to  the  Board  of 
Rapid  Transit  Railroad  Commissioners  for  that  City,  predecessor  of 
the  present  Public  Service  Commission  for  the  First  District  of  the 
State  of  New  York,  and  a  tentative  franchise  was  granted  by  that 
Board  on  June  23d,  1904,  subject  to  the  approval  of  the  Board  of 
Aldermen  and  the  Mayor.  After  consideration  by  the  Board  of  Alder- 
men for  nearly  a  year,  however,  the  proposed  franchise  was,  on  April 
18th,  1905,  returned  to  the  Board  of  Rapid  Transit  Railroad  Com- 
missioners "disapproved." 

On  November  17th,  1905,  the  application  to  the  Board  of  Rapid 
Transit  Railroad  Commissioners  for  a  franchise  was  renewed,  and,  as 
a  result  of  negotiations  extending  over  a  year,  the  franchise  now  held 
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by  the  Company,  dated  February  14th,  1907,  was  granted.  This  Cer- 
tificate was  accepted  by  the  Company  under  date  of  February  28th 
of  that  year;  was  approved  by  the  Board  of  Estimate  and  Apportion- 
ment of  the  City  on  March  8th  (by  amendments  to  the  City  Charter 
and  Rapid  Transit  Act  of  the  State,  the  duty  and  power  to  confirm 
franchises  of  this  character  had  been  transferred  since  the  previous 
application  from  the  Board  of  Aldermen  to  the  Board  of  Estimate  and 
Apportionment) ;  was  approved  by  the  Mayor  on  March  14th,  and, 
later,  the  Certificate  was  filed  in  the  office  of  the  Secretary  of  State  of 
New  York  and  in  the  offices  of  the  Clerks  of  the  Counties  of  New 
York,  Queens,  and  Kings. 

In  addition  to  fixing  the  center  line  of  the  proposed  railroad,  the 
franchise,  among  other  requirements,  prescribed  that  the  consent  of 
the  owners  of  one-half  in  value  of  the  property  bounded  on  the  por- 
tions of  streets  crossed  by  the  line,  to  the  construction  and  operation 
thereof,  should  be  obtained  within  one  year  from  the  acceptance  of 
the  franchise  by  the  Company;  that  construction  was  to  commence 
within  3  months  after  filing  said  consents  with  the  Rapid  Transit 
Board;  and  that  construction  was  to  be  completed  and  the  railroad  in 
operation  within  5  years  after  the  commencement  of  construction. 
Provision  was  made  in  each  case  for  extensions  of  time  under  certain 
conditions.  The  motive  power  prescribed  to  be  used  was  steam,  with 
the  right  to  the  Railroad  Company  to  substitute  electricity  therefor, 
and,  in  addition,  the  Rapid  Transit  Board  reserved  the  right,  in  the 
event  of  the  use  of  steam  constituting  a  nuisance  or  becoming  dan- 
gerous to  residents  along  the  route,  to  require  a  change  to  electricity, 
or  other  motive  power  not  less  convenient  to  the  public,  within  a 
period  not  to  be  less  than  3  years  after  notice  by  the  Board.  The 
franchise  fixes  the  rentals  to  be  paid  by  the  Company  for  the  first 
period  of  25  years  from  2  years  after  obtaining  the  required  consent 
of  property  owners  (except  for  the  use  of  Wards  and  Randalls  Islands, 
in  which  case  the  rental  was  payable  from  the  date  of  first  occupation) 
and  provides  for  a  readjustment  thereof  at  the  end  of  said  period 
and  every  25  years  thereafter.  Said  pajanents  (as  amended  by  order 
of  the  Public  Service  Commission  in  connection  with  the  shortening 
of  the  franchise  route  of  the  Company  from  Knickerbocker  Avenue 
to  Fresh  Pond  Junction,  hereinafter  dealt  with)  are  as  follows :  (a) 
For  the  right  to  construct  and  operate  across  streets  and  other  public 
property  other  than  Wards  and  Randalls  Islands,  $23  925  per  annum 
for  the  first  10  years  of  said  25-year  period,  and  $47  850  for  the  next 
15  years;  (h)  $100  per  annum  for  the  right  to  cross  the  East  River 
between  bulkhead  lines;  and  (c)  for  the  use  of  ground  on  Wards  and 
Randalls  Islands  occupied,  permanently  and  temporarily,  during  the 


1002  HELL   GATE   ARCH   BRIDGE 

period  of  construction,  by  the  abutments,  piers,  and  other  supports 
of  the  bridges  and  elevated  structures,  and  for  the  use  of  portions  of 
overhead  space  above  the  islands  occupied  by  such  bridges  or  elevated 
structures  or  for  any  other  purpose,  such  annual  payments  as  agreed 
upon  by  the  Company  and  the  Board  of  Commissioners  of  the  Sink- 
ing Fund  of  the  City,  or  other  authorities  in  control  of  the  islands. 
In  addition  to  said  rentals,  the  Company  was  compelled  to  file  with 
the  Comptroller  of  the  City,  within  60  days  of  the  approval  of  the 
franchise  by  the  Mayor,  a  bond  in  the  sum  of  $50  000,  executed  by  it 
and  by  The  Pennsylvania  Railroad  Company  and  The  ISTew  York, 
New  Haven  and  Hartford  Railroad  Company,  as  security  for  the  per- 
formance by  the  Railroad  Company  of  the  terms  and  conditions  of 
the  franchise,  especially  with  respect  to  the  annual  payments  to  the 
City,  and  had  to  pay  a  bonus  of  $110  000  to  the  City  within  60  days 
after  the  necessary  consents  of  property  owners  had  been  obtained 
and  before  construction  work  was  commenced. 

On  April  16th,  1907,  the  stockliolders  approved  of  an  increase  in 
the  capital  stock  from  $100  000,  Preferred,  to  $3  000  000,  Common, 
the  holders  of  the  Preferred  stock  having  agreed  to  exchange  their 
stock,  par  for  par,  for  Common  stock.  The  increase  was  approved  by 
the  Board  of  Railroad  Commissioners  on  May  31st,  and,  as  of  June 
1st,  the  exchange  of  Preferred  stock  was  made  and  $2  816  400  of  the 
Common  stock  was  issued,  half  and  half,  to  the  Pennsylvania  Rail- 
road Company  and  The  New  York,  New  Haven  and  Hartford  Rail- 
road Company,  to  take  up  a  like  amount  of  advances  to  the  Connecting 
Company.  Subsequently,  the  remainder  of  the  authorized  stock  was 
issued,  the  entire  $3  000  000  thereof  being  held  by  The  Pennsylvania 
Railroad  Company  and  The  New  York,  New  Haven  and  Hartford 
Railroad  Company  in  one-half  proportions,  all  of  the  stock  having 
been  fully  paid  for  at  par. 

The  necessary  consents  of  property  holders  to  the  construction  of 
the  line  were  filed  with  the  Public  Service  Commission  for  the  First 
District  of  the  State  of  New  York  on  July  20th,  1910,  the  said  Com- 
mission having  succeeded  to  the  rights  and  powers  of  the  Board  of 
Rapid  Transit  Commissioners  under  the  law.  The  original  period 
fixed  by  the  franchise  in  which  to  obtain  said  consents  expired  on 
February  28th,  1908,  but,  by  certificate  of  the  Commission  dated 
February  3d,  1908,  and  March  5th,  1910,  the  time  was  extended  to 
August  31st,  1910. 

The  period  prescribed  in  the  franchise  for  the  completion  of  the 
railroad,  including  the  Hell  Gate  Bridge,  expired  on  October  20th, 
1915,  but  the  time  was  extended  by  the  Commission  to  December 
31st,  1917,  and  the  same  date  was  fij?ed  by  General  and  Special  Laws 
of  the  State  of  New  York. 
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The  railroad  as  constructed  conforms  to  the  route  prescribed  in  the 
franchise,  except  for  a  slight  change  of  alignment  between  the  north 
side  of  Wards  Island  and  132d  Street,  in  the  Borough  of  The  Bronx, 
a  change  in  grade  between  Broadway  and  Calamus  Avenue,  in  the 
Borough  of  Queens,  and  a  change  in  the  southern  terminus  of  the  line 
from  the  Brooklyn  Borough  line  to  Fresh  Pond  Junction.  The  two 
changes  first  mentioned  were  approved  by  the  Public  Service  Com- 
mission on  July  19th,  1912,  and  maps  covering  the  revisions  were 
filed  in  New  York  and  Kings  Counties  on  July  23d,  1912,  and  in 
Queens  County  on  July  24th,  1912;  and  the  shortening  of  the  fran- 
chise route  to  Fresh  Pond  Junction  was  approved  by  said  Commission 
on  June  7th,  1915;  approved  by  the  Board  of  Estimate  and  Appor- 
tionment on  July  29th;  by  the  Mayor  on  July  30th;  and  a  map  show- 
ing the  modification  was  filed  in  the  office  of  the  Secretary  of  State 
of  'New  York  on  August  13th,  1915,  and  also  in  the  offices  of  the 
Clerks  of  the  Counties  of  New  York,  Queens,  Kings,  and  The  Bronx. 
The  approval  of  the  War  Department  to  the  plans  for  the  Hell  Gate, 
Little  Hell  Gate,  and  Bronx  Kill  Bridges  was  granted  by  Certificate 
dated  June  22d,  1906,  and  the  changes  in  the  plans  for  the  two  last 
mentioned  bridges  necessitated  by  the  change  in  the  route  of  the 
road  across  Randalls  Island,  hereinbefore  mentioned,  were  approved 
by  Certificate  of  April  4th,  1912. 

In  accordance  with  the  requirements  of  the  Franchise,  the  Com- 
pany, on  May  11th,  1907,  submitted  the  plans  for  the  Hell  Gate  Bridge 
to  the  Municipal  Art  Commission  of  the  City  of  New  York  for  its 
approval.  By  certificate  of  June  27th  of  that  year,  such  approval 
was  deferred,  the  Commission  objecting  to  the  proposed  decorative 
treatment  of  the  towers  of  the  bridge.  On  May  29th,  1911,  the  plans 
were  re-submitted  to  the  Commission,  the  architectural  features  of  the 
towers  having  been  altered  to  meet  the  views  of  that  body,  and, 
by  resolution  of  June  13th,  1911,  the  necessary  approval  was  granted, 
a  certified  copy  of  which  was,  on  August  7th,  1911,  forwarded  to  the 
Public  Service  Commission  for  file,  and  receipt  was  acknowledged 
by  it  under  date  of  August  8th. 

The  cost  of  constructing  The  New  York  Connecting  Railroad,  over 
and  above  the  $3  000  000  received  from  the  sale  of  capital  stock,  was 
financed  through  the  issue  and  sale  of  bonds  covered  by  a  first  mort- 
gage, dated  May  31st,  1913,  executed  to  the  Guaranty  Trust  Company 
of  New  York,  Trustee,  for  $30  000  000,  which  was  approved  by  the 
Public  Service  Commission  by  Order  dated  November  14th,  1913.  lOf 
these  bonds,  $24  000  000  have  been  issued  to  this  date  and  about 
$1500  000  additional  will  be  issued;  all  are  guaranteed,  principal  and 
interest,  by  The  Pennsylvania  Railroad  Company  and  The  New  York, 
New  Haven  and  Hartford  Railroad  Company. 


1004 


HELL   GATE   ARCH   BRIDGE 


The  present  Directors  of  the  Company  are: 


Samuel  Rea, 
W.  W.  Atterbury, 
George  D.  Dlxon, 
W.  H.  Myers,  and 

A.  J.  County. 

Howard  Elliott, 

B.  Campbell, 

E.    G.    BUCKLAND, 

J.  M.  ToMLiNSON,  and 
A.  R.  Whaley. 


Representing  The  Pennsylvania  Railroad 
'    Company. 


Representing  The  New  York,  New  Haven 
and  Hartford  Railroad  Company. 


Mr.  Samuel  Rea  (President  of  The  Pennsylvania  Railroad  Com- 
pany) is  President  of  The  New  York  Connecting  Railroad  Company; 
Mr.  Howard  Elliott  (President  of  The  New  York,  New  Haven  and 
Hartford  Railroad  Company)  is  Vice-President;  and  Mr.  A.  J.  County 
(Vice-President  of  The  Pennsylvania  Railroad  Company)  is  Assistant 
to  the  President  of  The  New  York  Connecting  Railroad. 
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DISCXJ  SSION 


W.  H.  Breithaupt*  M.  Am.  Soc.  C.  E.  (by  letter). — This  magnifi- 
cent structure,  well  described  as  of  imposing  magnitude,  adds  but 
another,  if  not  the  greatest,  to  the  long  list  of  achievements  of  its  noted 
designer  and  chief  engineer.  The  bridge,  as  likewise  the  whole  New 
York  Connecting  Railroad  of  which  it  forms  a  part,  will  rank  among 
the  great  things  done  in  American  engineering. 

Mr.  Ammann's  paper  is  a  valuable  addition  to  the  literature  of 
bridge  engineering  in  its  record  and  analysis  of  the  bold  design  as  a 
whole,  and  the  clear-cut  account  of  details  and  new  departures,  among 
which  may  be  mentioned  the  2-in.  web  plates  and  make-up  of  the  main 
compression  members,  the  large  rivet  sizes,  the  main  arch  bottom  chord 
joint  detail,  the  braking  resistance,  etc. 

In  the  face  of  such  excellence  of  design  and  execution,  it  appears 
graceless  to  criticize;  however,  a  few  remarks  on  the  general  design 
may  be  in  place. 

The  dignified  and  beautiful  abutment  towers  of  the  main  arch  are 
wholly  admirable,  more  especially  when  compared  with  the  earlier 
design,  Fig.  8,  with  its  suspended  sign-board  keystone,  its  meaningless 
surface  elaborations,  its  flaring  base,  its  lack  of  form  as  a  whole. 

For  the  Little  Hell  Gate  Crossing,  deck-truss,  parallel-chord  spans, 
as  at  first  designed,  but  ruled  out  by  the  War  Department  on  account 
of  navigation  requirements,  would  have  made  the  most  fitting  struc- 
ture. Arches  are  not  discussed.  It  is  not  clear  why  a  two-hinged, 
spandrel-braced  arch  design,  or  two-hinged,  braced,  double-rib  arches, 
should  not  have  been  used.  A  low-spring,  high  versed-sine  arch  design 
would  have  effected  a  considerable  saving  in  masonry  with  little  or  no 
addition  in  superstructure  weight.  Aside  from  the  floor  support  struts, 
high  at  the  ends,  the  superstructure  frame  could  have  been  of  less 
weight.  Erection  could  have  been  balanced  outward  from  the  piers^ — 
tied  from  end  abutments— the  material  floated  to  position  underneath 
and  hoisted,  with  only  a  few  bents  under  end-panel  points  each  way, 
thus  effecting  a  large  saving  in  expensive  falsework.  The  skew  inter- 
ference could  have  been  taken  care  of  as  well  as,  or  better  than,  with 
the  bowstring  trusses.  The  bracing  could  have  been  better.  The  bow- 
string spans  have  no  lateral  bracing  along  the  bottom  chords;  the  stiff 
bracing  between  the  trusses,  although  without  bottom  transverse  struts, 
is,  in  the  description  of  the  main  arch  bracing,  rightly  deprecated  as 
tending  to  distortion  under  one-sided  loading.  Expansion  would  have 
been  taken  care  of  separately  for  each  span.  The  relative  movement 
of  d=  6  in.  at  the  center  X)ier  of  the  bowstring  spans,  as  described,  is 
unduly  large.  With  arches,  the  high  clearance  for  navigation  would 
have  been  at  the  center  of  the  span,  with  plenty  of  room  for  lateral 

*  Kitchener,  Ont.,  Canada. 
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Mr. 
Moisseiff. 


movement  of  tow,  instead  of  danger  of  crowding  against  the  piers, 
as  with  the  present  spans.  On  the  other  hand,  the  present  spans,  for 
the  greater  part  of  their  length,  give  fair  clearance  for  ordinary  navi- 
gation. For  navigation,  in  fact,  as  well  as  for  general  appearance, 
three  arches  for  the  crossing  would  have  been  the  preferable  design. 
Lastly,  there  is  the  reason,  the  more  deserving  of  consideration  in 
so  monumental  and  visually  prominent  a  structure,  of  harmony  of  gen- 
eral design.  The  inverted  arch  effect  of  the  bowstring  girders,  so  near 
the  main  arch,  involves  something  in  the  nature  of  mental  gymnastics. 
The  gate-post  design  of  the  towers  marking  the  ends  of  the  Little 
Hell  Gate  Crossing  is  not  entirely  satisfactory,  either  in  photograph  or 
to  the  eye  en  plein.  A  conceivable  purpose  would  have  been  as  shelters 
and  material  or  implement  stores  for  watchmen,  sentries,  or  workmen, 
and  a  design,  lower  while  retaining  massiveness,  would  have  been  in 
keeping. 

Leon  S.  Moisseiff,"  M.  Am.  Soc.  C.  E. — This  paper  is  of  unusual 
importance  in  the  literature  of  bridge  building,  and  deserves  attention 
and  study.  It  occurred,  under  a  fortuitous  constellation,  that  a  first- 
class  railroad,  provided  with  ample  financial  resources,  undertook  to 
build  a  short  connecting  line  in  the  metropolis  of  the  Western  hemi- 
sphere. It,  of  course,  decided  to  build  the  new  line  in  a  first-class 
manner;  and,  as  part  of  the  line  happened  to  require  the  erection  of 
a  long-span  bridge  capable  of  carrying  a  very  heavy  traffic,  the  man- 
agement of  the  road,  in  its  wisdom,  selected  a  first-class  bridge  engineer 
with  a  broad  vision  and  decided  scientific  leanings.  Adding  the 
opportunity  of  ample  time  to  conceive,  to  plan,  to  compare,  to  design, 
and  to  re-design,  and  again  adding  to  the  plans  and  specifications  the 
resources  in  mind  and  matter  of  one  of  the  greatest  bridge  manufac- 
turing concerns  of  the  world,  the  resulting  product  is  such  that 
American  engineers  may  be  proud  of  the  achievement.  The  longest 
arch  bridge  in  the  world,  having  a  span  of  nearly  a  thousand  feet, 
has  been  planned  and  built  so  as  to  produce  an  imposing  and  pleasing 
structure,  well  proportioned  in  outlines  as  well  as  in  details. 

The  paper  is  full  in  its  description  and,  as  it  takes  up  successively 
the  consideration  and  treatment  given  to  the  design  in  general  and  to 
its  details,  numerous  points  are  brought  out  worthy  of  commendation 
and  discussion.  Many  of  the  vital  points  of  bridge  engineering  are 
touched,  too  many  indeed  to  be  given  the  discussion  they  deserve. 

The  comparative  designs  of  the  several  types  of  bridges,  all  with  a 
central  span  of  850  ft.,  are  most  instructive.  The  stiffened  suspension 
type  with  eye-bar  chains  has  shown  off  remarkably  well,  for  a  span 
comparatively  small  for  a  suspension  bridge,  such  bridges  being  best 
adapted  for  the  longest  spans.     The  good  showing  made  by  this  type  is 

*  New  York  City. 
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due  to  the  eye-bar  design.    If  built,  it  would  have  resulted  in  a  fine  and      Mr. 
economic  bridge.     Somehow,  from  reading  the  paper,  one  obtains  the     °'^^^'  • 
impression  that  if  the  difficulties  encountered  in  one  of  the  abutment 
foundations  had  been  known  at  the  time  of  selecting  the  type,   the 
suspension  bridge  with  a  longer  span,  and  not  the  arch,  would  have 
been  chosen. 

The  difficulties  encountered  in  the  foundation  of  the  Wards  Island 
abutment  were  unusual,  and,  if  known,  the  foundations  would  certainly 
have  been  avoided.  The  appearance  of  the  masonry  towers  flanking 
the  steel  arch  is  good,  but  their  use,  to  restrict  the  size  of  the  founda- 
tion and  by  their  weight  to  obtain  a  steep  resultant  to  pass  within  the 
middle  third  of  the  base  area,  can  hardly  be  claimed  to  be  economical. 

Very  properly  the  bridge  was  erected  as  a  three-hinged  arch  for 
most  of  the  dead  load  and  was  made  two-hinged  for  moving  load  and 
temperature  only.  In  connection  with  this  the  author  remarks :  "This, 
however,  is  a  convenience  in  erection  rather  than  advantage  as 
regards  stress  action."  This  statement  is  true  where  the  abutments 
are  absolutely  unyielding,  but,  where  any  limited  settlement  may  be 
apprehended,  erecting  the  arch  first  as  three  -hinged  has  a  more 
substantial  advantage  than  mere  convenience  of  erection.  It  has  the 
purpose  of  eliminating  stresses  caused  by  yielding,  which  stresses  may 
become  uncomfortably  large.  In  that  case  it  is  good  policy  to  leave 
the  arch  three-hinged  for  at  least  a  year,  so  that  all  probable  settle- 
ment and  yielding  may  have  taken  place  and  be  eliminated,  and, 
after  that  time,  when  no  further  yielding  is  observed,  to  make  the 
arch  two-hinged  in  order  to  obtain  the  advantage  of  increased  stiffness. 

Making  the  bottom  chord  a  massive  rib  sustaining  much  of  the 
dead  load  is  excellent  designing  and  testifies  to  the  engineer's  clear 
conception  of  the  stiffening  function  of  the  truss  members  of  a  braced 
abutment  without  straining  the  remaining  truss  members.  This  is 
good  mechanics  as 'well  as  economic  design. 

The  floor  lateral  truss  and  the  braking  girders  are  additional 
instances  of  well-considered  design. 

The  use  of  2-in.  plates  in  compression  members  is  extraordinary. 
The  claim  made  that  metal  of  such  thickness  showed  in  tests  the  same 
elasticity  and  ultimate  resistance  as  i-in.  material  is  contrary  to 
general  experience.  If  the  manufacturers  were  able  to  roll,  of  the  same 
material,  2-in.  plates  of  strength  equal  to  the  usual  structural  sizes, 
it  would  prove  of  great  interest  to  the  engineering  world.  Hitherto 
it  has  been  held  that  the  heavier  plate  receives  less  work  and  shows 
considerable  decrease  in  strength.  Should  this  claim  be  substantiated, 
the  use  of  stitch  rivets  would  decrease  considerably,  and  heavy  plates 
would  come  into  use  extensively  for  columns.  This  is  a  matter  of 
much  practical  importance,  and  deserves  a  full  discussion  by  the 
steel  makers. 
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Mr.  The  "Rules  of  Design"  laid  down  by  Mr.  Lindenthal  are  so  inter- 

■  esting  that  the  speaker  regrets  that  they  have  not  been  appended  in 
full  to  the  paper. 

The  three-face  joint  of  tlie  bottom  chord  is  a  novel  feature  in 
compression  chord  bearing,  and  is  a  move  in  the  right  direction  to 
reduce  secondary  stresses  caused  by  erection  deflections.  High  edge 
stresses  are  thereby  avoided.  The  speaker,  however,  is  of  the  opinion 
that  the  conceutration  of  stress  on  the  middle  portion  should  be  taken 
care  of  in  the  allowable  unit  stress.  In  other  words,  the  computed 
excess  stress  should  be  subtracted  from  the  specified  unit  stress  for 
the  compression  members. 

The  principle  adopted  by  the  designer  for  loads  and  unit  stresses 
is  the  right  one  for  long-span  bridges.  To  take  into  consideration  all 
possible  forces  and  causes,  including  even  an  allowance  for  secondary 
stresses,  and  then  to  fix  a  proportionately  high  unit  stress  is  a  step 
in  the  direction  of  scientific  approximation  of  actual  conditions  in 
the  bridge.  Of  course,  it  will  require  much  study  and  consideration 
to  arrive  at  a  final  judgment  as  to  the  proper  unit  stress,  but,  con- 
sidering all  factors,  a  nearer  approach  to  true  conditions  will  be 
attained.  At  the  initiative  of  Mr.  Lindenthal,  this  principle  has 
been  partly  applied  to  the  Queensboro'  Bridge  and  entirely  to  the 
Manhattan  Bridge,  and  now  has  been  adhered  to  in  the  Hell  Gate 
Arch.     He  deserves  credit  here  for  his  clearness  of  vision. 

A  step  out  of  the  ordinary  is  the  proportioning  of  compression 
members  on  the  basis  of  net  area,  deducting  the  rivet  holes.  Good 
•  reasons  for  the  unusual  procedure  are  brought  forward  in  the  paper. 
The  matter,  however,  is  of  such  extraordinary  importance,  affecting 
the  design  and  the  economy  of  all  steel  structures,  that  it  requires 
careful  research  and  exhaustive  testing  to  adjust  and  co-ordinate 
present  standards  and  specifications.  The  speaker  hopes  that  the 
Society's  Special  Committee  on  Steel  Columns  and  Struts  will  give 
the  matter  the  consideration  it  deserves. 

The  speaker  has  attempted  to  touch  only  a  few  of  the  most 
important  points  in  the  paper.  Many  other  interesting  innovations 
which  it  contains  are  deserving  of  full  discussion. 

The  paper  is  well  presented,  and  full  of  information,  and  Mr. 
Ammann  deserves  the  thanks  of  the  Profession  for  his  work. 

The  Hell  Gate  Arch  Bridge  is  an  excellent  example  of  what 
engineering  genius  can  accomplish  if  the  project  is  entrusted  to  one 
mind  to  plan  and  direct,  unhampered  by  red  tape  and  lay  commis- 
sioners. The  bridge  reflects  credit  on  the  Engineering  Profession,  and 
much  praise  is  due  to  Mr.  Lindenthal  and  his  able  associates  and 
co-workers,  as  well  as  ,  to  the  engineers  of  the  American  Bridge 
Company.     They  have  done  well. 
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SA^kruEL  T.  Wagner*  M.  Am.  Soc.  C.  E.  (by  letter).— The  thanks      Mr. 


of  the  Profession  are  due  to  Mr.  Ammann  for  the  admirable  manner 
in  which  he  has  presented  the  data  of  the  conception,  design,  and  exe- 
cution of  this  most  monumental  structure.  It  is  possible  to  find  answers 
to  nearly  all  the  questions  which  arise  in  its  careful  reading.  This  is 
quite  unusual  in  a  work  of  this  magnitude  and  character. 

The  use  of  plates  2  in.  thick  in  built-up  members  is  so  out  of 
ordinary  practice  as  to  attract  special  attention.  It  is  hoped  that,  in 
closing,  Mr.  Ammann  will  see  fit  to  give  some  of  the  actual  tests  of 
this  material.  The  writer's  experience  has  been  that  such  thicknesses 
are  likely  to  produce  material  which  is  not  wholly  reliable.  Years 
ago,  plates  1  in.  in  thickness  of  satisfactory  quality  were  difficult  to 
obtain,  especially  before  the  use  of  open-hearth  steel  was  general.  If 
Mr.  Ammann  could  give  the  details  of  the  manufacture  of  these  plates, 
it  would  be  specially  interesting.  If  it  is  possible  to  obtain  such 
sections  of  good  quality,  even  at  slightly  increased  cost,  it  will  open 
the  way  for  many  details  which  have  not  been  considered  possible  up 
to  the  present  time. 

The  details  of  the  latticing  are  interesting.  There  are  many  advan- 
tages in  the  use  of  stiff  latticing  on  members  of  any  considerable 
size.  Many  members  are  designed  with  such  light  and  inadequate 
lattice  bars  that  even  the  most  careful  handling  in  the  shop  and  during 
erection  results  in  damage  to  them;  and,  frequently,  splendid  work  in 
the  shop  is  spoiled  before  it  is  placed  in  the  structure.  The  spacing  and 
general  arrangement  of  the  latticing  are  also  to  be  commended. 

The  facing  of  the  ends  of  such  large  members  is  a  work  that  requires 
unusual  care  in  the  shop.  There  can  be  nothing  more  important  than 
proper  bearing  in  compression  members,  and  the  machine  work  required, 
in  the  writer's  opinion,  is  one  of  the  most  difficult  parts  of  the  shop 
fabrication  that  has  to  be  done  on  such  a  structure.  It  would  appear, 
from  the  stress  measurements  made  on  the  completed  structure  and 
given  in  the  paperf  by  Mr.  Steinman,  that  this  part  of  the  fabrication 
is  specially  commendable  on  the  part  of  the  manufacturers.  The  details 
of  the  joints  in  the  bottom  chord  are  most  unusual  and  interesting,  and 
indicate  the  great  care  which  was  taken  in  planning  them.  The 
results  undoubtedly  confirm  the  wisdom  of  the  design. 

The  method  of  drilling  the  main  members  by  punching  a  limited 
number  of  holes,  using  tack-bolts,  and  drilling  the  majority  of  the  holes 
through  the  solid,  is  good  practice.  There  is  no  doubt  in  the  writer's 
mind,  judging  from  his  past  experience,  that  this  is  the  proper  way  to 
do  work  of  this  character,  not  only  from  the  standpoint  of  doing  good 

*  Philadelphia,    Pa. 
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Mr.  work,  but  also  of  doing  it  in  the  most  economical  and  workmanlike 
agner.  j^^j^j^g^.^    j^  jg  specially  true  for  the  higher  carbon  steel  which  was  used. 

The  assembling  of  the  arch  in  sections  is  also  another  most  excel- 
lent detail  of  the  fabrication.  It  would  be  interesting  to  know  whether 
this  was  a  requirement  of  the  specifications.  For  arch  work,  it  is  doubt- 
ful whether  such  details  could  have  been  fabricated  satisfactorily  in  any 
other  way.  The  writer's  first  experience  on  work  of  this  character  was 
on  a  very  small  scale  in  connection  with  the  three-hinged  arch  trusses 
of  the  train-shed  of  the  Reading  Terminal  in  Philadelphia.*  In  this 
case,  the  complete  half  arches  were  assembled  in  the  shop.  If  this  had 
not  been  done,  there  surely  would  have  been  bad  workmanship  and 
difiiculty  in  the  erection.  It  is  a  great  comfort  to  any  manufacturer 
to  know  that  the  joints  thus  assembled  are  sure  to  match.  This  is  espe- 
cially true  in  the  case  of  the  Hell  Gate  Arch,  with  its  difficulties  in 
erection. 

The  use  of  ballasted  floor  construction  is  to  be  commended,  although 
its  cost  is  greater  than  the  other  types  referred  to  in  the  paper  as  having 
been  considered.  The  reasons  given  for  its  adoption  are  well  expressed, 
namely,  "more  uniform  roadbed,  less  noise  and  impact,  smaller  cost 
of  maintenance,  and  greater  safety  in  case  of  derailment  or  fire." 
Although  it  seems  to  be  difficult  to  show  in  actual  figures  the  desira- 
bility of  such  construction  from  a  financial  standpoint,  there  can  be  no 
doubt  that  under  the  conditions  in  this  case  the  additional  cost  was 
fully  warranted.  The  advantage  of  having  a  standard  track  in  place 
of  special  ties  is  important.  Experience  in  viaduct  construction  in 
which  a  solid  floor  was  used  has  shown  conclusively  that  it  is  the  best 
known  detail  for  the  prevention  of  noise.  In  a  number  of  lawsuits,  in 
which  damage  from  noise  has  been  claimed,  no  attempt  has  ever  been 
made  to  produce  proof.  It  is  rather  unusual  at  this  time  to  see  a  floor 
of  this  type  designed  so  that  there  is  sufficient  steel  to  carry  the  loads 
without  any  allowance  for  the  use  of  the  embedding  concrete.  It  is  a 
detail,  however,  of  which  the  Avriter  approves,  especially  in  such  a  thin 
floor.  He  would  have  gone  one  step  further,  however,  in  that  the  floor 
would  have  been  water-proofed  in  order  to  give  additional  durability 
to  the  construction,  and  it  is  believed  that  the  additional  cost  would 
have  been  fully  justified.  If,  by  some  means,  water  gets  through  the 
concrete  and  to  the  beams,  a  condition  is  created  which  is  very  unpleas- 
ant to  contemplate.  After  traffic  has  once  been  placed  on  a  structure, 
the  difficulties  of  making  any  repairs  to  the  floor  are  very  serious. 

The  officials  of  the  New  York  Connecting  Railroad  are  to  be  con- 
gratulated on  having  the  foresight  and  financial  courage  to  design  and 
construct  this  bridge  for  four  tracks  instead  of  two.  It  is  a  monument 
to  ail  concerned. 

*  Transactions,  Am.  Soc.  C.  E.,  Vol.  XXXIV,  p.  181. 
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Charles  Evan  Fowler,"  M.  Am.  Soc.  C.  E. — The  speaker's  acquaint-     Mr. 


ance  with  Mr.  Lindenthal  and  his  work  began  about  30  years  ago, 
and  the  genius  displayed  in  his  designs  for  the  Seventh  Avenue  and 
Smithfield  Street  Bridges,  in  Pittsburgh,  led  one  to  expect  the  design 
by  him  of  some  great  structure  like  the  Hell  Gate  Arch.  The  speaker 
hopes  that  Mr.  Lindenthal  may  live  to  see  an  even  greater  culmina- 
tion of  his  career,  by  the  building  of  the  great  suspension  span  pro- 
posed for  the  North  River. 

The  Seventh  Street  Bridge,  in  Pittsburgh,  built  in  1884,  is  a  two- 
span,  eye-bar,  suspension  bridge,  with  braced  parallel  chains,  and  was 
a  milestone  in  the  design  of  suspension  bridges.  The  two  main  spans 
are  330  ft.  each,  and  the  side  spans  165  ft.  each,  with  a  width  of  42  ft. 

The  Smithfield  Street  Bridge,  which  is  still  in  use,  is  a  very  striking 
structure,  consisting  of  two  Pauli  truss  spans,  the  longest  and  heaviest 
of  this  type  in  America. 

That  the  younger  members  of  the  Profession  may  not  forget  to 
have  pride  in  American  bridge  engineers,  it  is  well  to  call  to  mind 
the  work  of  the  Dean  of  this  branch  of  the  Profession,  the  late  C 
Shaler  Smith,  M.  Am.  Soc.  C.  E.  His  Kentucky  River  High  Bridge 
was  a  wonderful  structure,  with  three  375-ft.  spans,  275  ft.  above  the 
river,  a  continuous-span  bridge,  which,  by  the  cutting  of  the  chords 
to  &K.  the  points  of  contraflexure,  became  one  of  the  first  great  canti- 
lever bridges.  The  four  river  spans  of  his  Lachine  Bridge,  over  the 
St.  Lawrence  River,  were  at  the  same  time  an  example  of  the  most 
scientific  bridge  engineering  and  an  altogether  striking  and  beavitiful 
structure.  The  main  bridge  had  two  408-ft  spans,  with  two  269-ft. 
side  spans. 

When  this  structure  required  rebuilding,  within  the  last  few  years, 
in  order  to  carry  modern  heavy  loading,  it  was  with  regret  that  we 
saw  that  its  outlines  were  not  preserved.  When  Mr.  Lindenthal  was 
called  on  to  replace  High  Bridge  with  a  heavier  structure,  a  few  years 
ago,  the  speaker,  for  one,  felt  that  a  vote  of  thanks  was  due  to  him 
for  preserving  the  original  outline.  His  work  on  the  bridges  of  New 
York  City,  although,  unfortunately,  hampered  in  many  ways,  is  re- 
flected in  the  completed  Hell  Gate  Bridge,  which  is  the  first  wholly 
creditable  structure  to  be  built  here  since  the  completion  of  the  old 
Roebling  Bridge. 

To  the  speaker  the  outline  of  the  structure  is  most  pleasing.  This 
is  due  not  only  to  the  smooth  curve  of  the  arch  proper,  bvit  mostly  to 
the  reverse  curve  of  the  top  chords  near  the  towers.  The  combination 
•  i-esembles,  and  is  as  pleasing  as,  a  similar  combination  of  curves  in 
the  "Camelback  Bridge"  in  the  Imperial  Palace  grounds  at  Pekin, 
China.  To  the  speaker,  the  latter  is  the  most  pleasing  of  Oriental 
bridges.  nv'i'^-ji 

*  New  York  City.   ■  '^        ' 
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Mr.  The  sickle-shaped  truss  desig-n,  which  was  abandoned  for  the  Hell 

Gate  Arch,  for  reasons  having  to  do  mainly  with  erection,  could  hardly 
have  been  more  pleasing  in  its  architectural  appearance. 

The  towers  as  built  are  plain  and  simple  in  design,  but  are  in 
every  way  appropriate  and  in  harmony  with  the  great  arch.  The 
speaker's  reason  for  calling  attention  to  this  is  the  hope  thaf  some 
artistic  person  in  the  New  York  City  government  or  the  Art  Com- 
mission may  some  day  succeed  in  getting  the  parapet,  or  ''attic  story" 
as  it  might  be  termed  architecturally,  added  to  the  towers  of  the 
Roebling  Bridge,  as  originally  planned. 

Many  great  bridges  have  been  marred  architecturally  by  the  appear- 
ance of  the  approaches,  but  when  one  visits  this  structure  at  Hell  Gate 
and  views  the  great  masonry  approach  piers  in  perspective,  their 
pleasing  and  appropriate  character  is  fully  appreciated.  The  whole 
structure  may  be  said  to  be  the  most  complete  lesson  in  bridge  esthetics 
in  America,  and  one  of  the  best  in  the  world.  The  proper  considera- 
tion of  simplicity,  symmetry,  harmony,  and  proportion  in  bridge  design 
was  first  enunciated  by  the  speaker  in  "Engineering  Studies",  and, 
as  it  has  been  elaborated  in  many  subsequent  writings  and  discussions, 
he  will  take  time  only  to  repeat  that  the  failure  to  regard  any  one 
of  these  four  fiindamentals  must  lead  in  some  degree  to  failure. 

The  Dusseldorf  and  Bonn  Bridges  are  both  notable  examples,  which 
have  been  referred  to  by  Mr.  Ammann,  but  the  Bonn  design,  especially 
when  the  bridge  is  seen  in  perspective,  comes  nearest  to  fulfilling  all 
requirements,  including  one  other,  that  of  an  unequal  number  of 
spans,  the  main  span  of  614  ft.  and  the  side  spans  of  307  ft.  There  are 
so  many  notable  arch  bridges  in  France,  both  of  masonry  and  steel,  that 
it  would  be  presumptuous  in  a  limited  discussion  to  do  more  than 
call  to  the  attention  of  designers  this  great  field  of  study.  The  great 
arch  span  at  Oporto,  with  both  upper  and  lower  roadway,  is  perhaps 
the  most  striking  of  any  of  the  examples  mentioned  by  Mr.  Ammann. 
'f--  The  great  S40-ft.  Clifton  Arch  at  Niagara  is  one  of  the  best 
examples  in  America,  but  it  is  with  regret  that  one  views  the  very 
inappropriate  approach  spans  of  the  wonderful  Grand  Trunk  Arch, 
its  near-by  neighbor.  The  Eads  Bridge,  across  the  Mississippi  at 
St.  Louis,  with  its  three  great  steel  arch  spans  of  about  500  ft.  each, 
with  simple,  appropriate,  and  well-designed  masonry  approaches, 
answers  all  the  basic  requirements  of  an  artistic  design. 

There  are  five  designs  of  the  Quebec  crossing  which  should  be 
preserved  in  the  final  monograph  of  that  great  bridge.  First,  the 
cantilever  design  of  many  years  ago,  by  Brunles  and  Light,  a  1  442-ft. 
span  for  which  much  of  the  credit  was  due  to  Professor  Fidler.  Second, 
the  1  800- ft.  cantilever  which  failed,  due  to  neglect  to  observe  funda- 
mental features  of  design  for  compression  members,  which  had  been 
discussed  previously  by  the  speaker's  one-time  assistant,  the  late  Pro- 
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Mr.  fessor  A.  H.  Heller,  in  his  "Stresses  in  Structiires".  The  outline  of 
°*  ^^'  this  cantilever  design  was  one  of  the  most  pleasing  ever  prepared  for 
the  Quebec  Bridge.  Third,  the  design  of  the  present  structure,  which 
is  strictly  utilitarian,  although  it  is  to  be  hoped  that  great  pylons  will 
be  added  at  each  end,  and  proper  finials  over  the  tower  posts.  Fourth,, 
the  design  prepared  by  Charles  Worthington,  M.  Am.  Soc.  C.  E.,  for 
an  1  800-f t.  deck  arch  with  one  hinge ;  and  fifth,  the  Lindenthal  sus- 
pension design,  referred  to  by  Mr.  Ammann.  The  latter,  curiously 
enough,  is  of  the  type  of  braced  chains,  originated  by  Professor  Fidler, 
who  was  partly  responsible  for  the  first  design,  and  which  suspension" 
type  usually  bears  his  name. 

Attention  is  called  to  the  service  rendered  to  the  Profession  by 
the  study  often  given  in  this  way  to  designs  of  great  bridges,  even 
though  they  may  never  be  utilized,  which  was  the  case  with  three  of 
the  notable  designs  at  Quebec,  and  (up  to  the  present)  is  true  as 
regards  a  North  River  Bridge  in  New  York  City. 

After  some  25  years  of  study  of  the  necessary  features  of  a  bridge 
across  San  Francisco  Bay,  it  became  apparent  to  the  speaker,  a 
few  years  ago — in  common  no  doubt  with  many  other  engineers — that 
a  bridge  was  a  vital  necessity.  Without  giving  any  lengthy  description 
of  the  proposed  main  channel  crossing,  of  three  2  000-ft.  spans  from 
Goat  Island  to  Telegraph  Hill,  Fig.  56,  one  can  judge  from  an  inspec- 
tion of  the  outline  as  to  how  nearly  it  fulfils  the  requirements  of  sim- 
plicity, symmetry,  harmony,  and  proportion.  In  a  discussion  of  the 
paper  by  J.  A.  L.  Waddell,  M.  Am.  Soc.  C.  E.,  entitled  "The  Possibilities 
in  Bridge  Construction  by  the  use  of  High-Alloy  Steels",  the  speaker 
pointed  out*  that  long-span  bridges  are  seldom  constructed  from 
motives  of  economy,  and  enunciated  six  postulates  that  covered  the 
basic  principles  leading  to  their  construction.  Considering  this  San 
Francisco  design,  it  is  apparent  at  once  that  the  proposed  arrangement 
is  not  the  economical  one,  but  that  which  is  necessary  owing  to  the 
great  ocean  commerce  cared  for  by  San  Francisco  Bay.  This  is  the 
conclusion  arrived  at  by  the  Chief  of  Engineers  after  the  hearing 
before  three  members  of  the  Corps  of  Engineers,  constituting  the 
Board,  at  San  Francisco  in  August,  1917.  This  decision  was,  that  any 
bridge  constructed  in  certain  portions  of  the  Bay  should  have  spans 
of  not  less  than  1  800  ft.,  with  a  clearance  of  210  ft.  for  a  horizontal 
width  of  800  ft.     This  can  all  be  complied  with  in  the  proposed  design. 

The  chord  sections  used  for  the  compression  members  of  great 
spans  already  built  are  of  three  types:  the  rectangular,  as  used  at 
Quebec  and  elsewhere ;  the  double  box,  as  used  for  the  Hell  Gate  Arch ; 
and  the  cellular  circular  type,  as  used  in  the  Forth  Bridge.  The  first 
lacks  economy  and  inherent  rigidity,  the  second  lacks  economy,  but 

*  Transactions,  Am.  Soc.  C.  E.,  Vol.  LXXVII,  pp.   43-49. 
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the  third  seems  to  lack  nothing,  theoretically,  but  practically  is  a  very  Mr. 
expensive  form  to  build  and  very  difficult  to  join  with  other  members. 
The  speaker  has  proposed  a  form  for  the  San  Francisco  Bridge, 
a  cellular  octagonal  section,  Fig.  57,  which  is  very  economical,  is 
inherently  stiff,  can  be  readily  built  by  a  shop  in  segments,  and  to 
which  it  is  perfectly  easy  to  connect  other  members  in  an  efficient 
manner.     It  is  hoped  that  this  may  prove  of  value  in  the  construction 


CHORD  OF  SAN   FRANCISCO-OAKLAND  BRIDGE. 
Fig.   57. 

of  many  long  spans.  For  the  700-ft.,  or  possibly  800-ft.,  suspended 
spans,  there  is  proposed  a  new  combination  of  web  systems,  which 
has  been  termed  the  "PK"  system,  it  being  a  combination  of  the 
Petit  and  Kellogg  sub-trussing,  which  serves  admirably  to  carry  both 
the  upper  and  lower  decks.  ^r 

The   normal    increase   in   the   cost   of   steel   after   the   war,   owing 
to  the  rapid  depletion  of  raw  materials,   will  place  a  time  limit  on 
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Mr.  the  period  within  which  great  spans  may  be  constructed,  and,  in  a 
Fowler,  conversation  with  Mr.  Lindenthal  recently,  he  pointed  out  that  this 
period  would  not  be  likely  to  extend  beyond  30  years,  or,  say,  1950. 
Therefore  it  behooves  engineers,  not  only  to  be  more  conservative  in 
the  use  of  steel,  but  also  to  be  less  prodigal;  they  should  plan  in  every 
way  to  extend  the  time  of  depletion. 

The  use  of  such  types  of  structures  as  will  require  the  least  weight 
of  metal  will  be  of  great  value,  and,  therefore,  one  may  look  for  more 
wire  cable  suspension  spans,  and  more  continuous-span  bridges,  similar 
to  the  notable  bridge  just  built  by  Mr.  Lindenthal  at  Sciotoville  over 
the  Ohio  River,  with  its  two  great  spans  of  750  ft.  each.  The  necessity 
for  saving  tonnage  recalls  a  letter  received  from  the  late  Zenas  King, 
of  Cleveland,  nearly  30  years  ago.  He  said:  "Any  engineer  can  build 
a  bridge  if  you  give  him  plenty  of  money  and  plenty  of  iron,  but  it 
takes  a  genius  to  build  a  bridge  with  very  little  money  and  very  little 
iron." 

Then,  again,  engineers  must  have  better  and  more  uniform  carbon 
steels.  The  cost  of  making  nickel  steel,  chrome-vanadium  steel,  and 
other  high-alloy  steels,  must  be  reduced,  so  that  for  a  given  weight  of 
metal,  there  may  be  from  50  to  100%  of  increased  strength. 

There  may  be  found  other  steels,  similar  to  the  Mayari  steel  used 
in  a  recent  long-span  bridge;  but  such  steels,  at  the  same  time,  must 
have  more  uniformity  of  strength,  and  not  have  such  a  range  as  was 
shown  in  the  tests  for  this  bridge,  where  the  variation  was  so  great 
as  to  indicate  that  its  future  use  would  not  be  profitable. 

When  engineers  obtain  a  cheaper  high-test  uniform  steel,  there  is 
but  one  thing  needed  to  feel  safe  in  turning  back  from  the  present 
often  ridiculous  high  factors  of  safety  to  the  more  economical  ones 
they  deserted  a  score  of  years  ago:  This  is,  to  gain  more  confidence 
in  the  computed  results  of  stresses,  especially  secondary  stresses,  and 
the  paper  by  D.  B.  Steinman,  Assoc.  M.  Am.  Soc.  C.  E.,  on  the  measure- 
ment of  the  stresses  in  the  Hell  Gate  Bridge*  is  a  great  step  forward. 
The  Government,  which  is  so  rapidly  becoming  paternal  in  character, 
should  require  extensometer  tests  on  all  important  structures,  to  the 
end  that  engineers  may  eventually  feel  perfectly  safe  in  designing  all 
steel  structures  with  very  much  greater  unit  stresses  and  a  consequent 
enormous  saving  in  steel  consumption. 

The  specifications  as  to  shop  work  are  worthy  of  special  .study  in 
connection  with  all  designs  for  future  structures  of  any  importance 
whatever,  and  the  clauses  with  reference  to  punching,  reaming,  and 
drilling  are  especially  noteworthy  to  one  who  has  spent  years  in  the 
fabrication  of  steelwork.  The  data  in  regard  to  the  driving  of  long 
rivets  should  be  read  with  care,  and  great  good  would  result  from  the 
application  of  these  methods  to   all  railway  and  highway  bridges  of 

*  Transactions,  Am.   Soc.  C.  E..  Vol.   LXXXII,  p.   1040. 
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importance.    Unless  the  engineer  has  had  oecasion  to  rebuild  some  old     Mr. 
bridges,  he  cannot  realize  how  criminally  careless  the  average  bridge 
erector  is  in  driving  all  rivets  with  a  long  grip. 

This  subject  is  of  such  great  interest  that  it  is  impossible  to  close 
without  congratulating  all  those  having  to  do  with  the  erection  of 
the  Hell  Gate  Arch  on  the  unusual  success  of  all  the  operations, 
although  the  care  exercised  in  planning  every  step  would  lead  one  to 
expect  the  best  results.  The  similarity  of  the  method  to  that  used 
for  the  Eads  Arches  at  St  Louis  under  the  late  Walter  Katte,  M.  Am. 
Soc.  C.  E.,  should  be  noted,  althovigh  the  much  lighter  weights  and 
shorter  spans  of  that  structure  make  it  no  more  than  a  suggestion, 
as  to  how  to  handle  ?uch  great  weights  as  have  to  be  dealt  with  in 
a  great  span  like  Hell  Gate. 

The  remarkable  extent  of  the  foundations  and  the  use  of  a  series 
of  caissons  to  take  up  the  thrust  of  such  a  great  arch,  mark  an  epoch 
in  deep  foundations.  Should  the  construction  of  the  San  Francisco 
Bridge  be  undertaken,  one  group  of  four  piers  will  require  founding 
in  130  ft.  of  water,  and  a  somewhat  new  method  of  sinking  open  dredged 
caissons  has  been  provided  for,  in  order  to  prevent  them  from  tipping. 
Such  an  accident  occurred  to  one  of  the  great  cylindrical  caissons  of 
the  Forth  Bridge  at  South  Queensferry.  The  caisson  ring  just  above 
the  cutting  edge  will  be  provided  with  a  number  of  chambers  or 
tanks,  uniformly  distributed  around  the  circumference  of  the  caisson. 
These  tanks  will  be  provided  with  sea  valves  for  the  admission  of  water, 
the  valves  being  operated  from  the  surface.  Another  set  of  valves 
will  be  connected  with  air  pipes  connecting  with  compressors  at  the 
surface.  Should  the  caisson  tip,  water  will  be  forced  out  of  the 
chambers  on  the  low  side  and  admitted  to  the  chambers  on  the 
high  side,  thus  serving  to  right  it.  The  operation  can  be 
extended  gradually  from  one  chainber  on  each  side  to  a  number, 
or  as  many  as  necessary  to  overcome  the  list.  Of  course,  care  must 
be  exercised  to  bring  the  caisson  back  to  a  vertical  position  gradually, 
and  to  meet  the  movement  by  a  reversal  of  conditions  in  the  opposing 
chambers.  The  term  "ballmatic"  has  been  applied  to  this  type  of  pier, 
the  name  being  coined  by  a  combination  of  the  words  "ballast"  and 
"pneumatic." 

The  speaker  realizes  that  papers  having  such  a  wide  scope  as  these, 
describing  this  great  bridge,  and  the  stress  measurements  of  the  mem- 
bers, will  call  forth  a  very  extended  discussion,  and  that  lack  of  space 
will  require  their  curtailment.  Thus,  many  features  that  could  be 
profitably  considered  will  have  to  be  omitted,  and  the  speaker  will 
close  in  the  hope  that  others  will  cover  many  other  points  of  value, 
and  of  vital  importance  for  consideration,  in  the  design  of  future  long 
spans. 
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Mr.  Henry  H.  Quimby,*  M.  Am.  Soc.  C.  E. — In  the  presence  of  the 

Quimby.  niagnificent  achievement  of  this  imposing  monument,  the  product  of 
the  very  highest  grade  of  teclmical  and  practical  skill  in  the  world, 
through  years  of  study  under  apparently  ideal  conditions,  with  carte 
ilanche  as  to  time  and  cost,  and  free  play  for  fancy  and  cultivated 
taste,  one  hesitates  to  introduce  a  note  of  comment  that  may  even 
seem  like  criticism.  In  the  published  writings  on  the  work,  however, 
in  the  paper  as  presented,  and  in  Mr.  Lindenthal's  supplemental  oral 
remarks,  much  emphasis  was  laid  on  the  matter  of  appearance,  and 
it  seems  that  it  was  not  so  much  economy  as  esthetic  considerations 
which  controlled  in  the  selection  of  the  type  of  structure  in  at  least 
three  of  the  divisions  of  the  work— the  main  span,  the  viaduct 
approaches,  and  the  Little  Hell  Gate  Bridge.  Wherefore,  it  is  probable 
that  the  designers,  masterly  and  successful  as  they  are,  will  welcome 
a  frank  expression  of  judgment  on  their  taste. 

Esthetic  considerations  embrace  the  effect  on  the  lay  mind  as  well 
as  on  that  of  professionals;  because  of  this,  public  Art  Commissions 
are  created  to  pass  on  technical  construction — on  the  work  of  artists 
as  well  as  that  of  mechanics — of  architects  as  well  as  of  engineers.  It 
is  desirable,  therefore,  to  make  a  structure  appear  not  only  graceful 
but  satisfyingly  stable  to  the  miscellaneous  eye  as  well  as  to  the  trained 
and  understanding  scientific  eye.  One  feature  of  the  main  span  sug- 
gests these  reflections.  The  end  post  of  the  spandrel  bracing  in  bearing 
on  the  end  pin  is  almost  directly  over  the  front  face  of  the  abutment 
support,  and  to  the  miscellaneous  mind  this  post  appears  to  be  the 
end  of  the  bridge — the  span  structure.  The  effect,  when  viewed  from 
a  point  at  right  angles  to  the  bridge,  is  to  make  it  seem  as  if  the  truss 
is  resting  just  on  the  edge  of  the  bridge  seat,  and  with  the  considerable 
space  between  it  and  the  shaft  of  the  abutment  pier,  the  truss  looks 
short  for  the  span  opening. 

The  earlier  published  plans  showed  the  top  chord  terminating  at 
the  end  post,  leaving  a  gap  between  it  and  the  shaft,  which  condition 
accentuated  the  impression  of  scantiness  of  length  of  truss.  The 
subsequent  extension  of  that  chord  into  the  shaft  relieved  this  feeling 
and  much  improved  the  appearance.  As  a  false  member  was  thus 
inserted  at  the  top,  the  improvement  might  have  been  continued  by 
adding  a  panel,  or  a  false  diagonal,  from  the  end  pin  to  the  shaft, 
but  as  the  end  post  has  no  necessary  relation  to  the  end  pin  in  its 
present  location — which  evidently  was  fixed  to  secure  adequate  distri- 
bution of  bearing  on  the  skewback — it  would  seem  to  have  been  better 
to  reduce  the  gap  by  moving  the  post  3  or  4  ft.  closer  to  the  shaft,  so 
that  its  direction  would  intersect  with  the  direction  of  the  thrust  of 
the  end  lower  chord  member  at  a  point  nearer  the  skewback,  and  then 
give  it  a  separate  pin.     This  would  not  complicate  the  determination 

*  Philadelphia,  Pa. 
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of  stresses,  and  it  would  give  the  structure  the  appearance  to  everybody      Mr. 
of  adequate  length  and  bearing  on   the  bridge  seat.     The  length  of  ^"'™  ^' 
each  panel  and  the  theoretical  length  of  the  span  would  thereby  be 
increased  very  slightly,  but  the  angle  of  thrust  is  so  steep  that  the 
stresses   in  the  arch  would  probably  not  be  increased   sufficiently   to 
constitute  an  objection  to  the  change. 

A  view  of  the  approach  piers  during  their  construction,  and  before 
any  of  the  steelwork  was  on  them,  gave  some  the  impression  of  dis- 
proportionate massiveness  compared  with  the  spaces  between  them, 
and  this  feeling  still  continues  with  the  superstructure  in  place.  Would 
not  such  height  and  volume  of  masonry,  in  the  case  of  the  higher  piers, 
more  economically  and  more  pleasingly  support  longer  and  heavier 
spans?  We  are  not  told  whether  the  pier  spacing  was  determined  by 
economy  of  proportion  between  superstructure  and  substructure,  or 
by  right-of-way  conditions.  The  exhibit  of  alternative  designs  with 
steel  bents  in  itself  justifies  the  type  adopted  and  used,  for  the  rocker 
bents — absolutely  without  a  base  in  the  side  elevation — would  give  a 
very  unpleasant  feeling  of  instability.  The  ordinary  public  observer 
would  recognize  at  once  that  somewhere  something  must  be  provided 
to  make  up  for  the  palpable  deficiency  in  longitudinal  stability  of  the 
individual  bents,  and  the  Art  Commission's  objection  to  the  steel 
designs  shown  is,  of  course,  clear  to  all;  but,  was  a  trial  made  of  a 
design  of  tapering  steel  towers — steel  bents  with  buttresses — each  stable 
in  itself  against  longitudinal  as  well  as  transverse  forces,  and,  if  so, 
how  did  it  compare  in  cost,  including  the  capitalized  cost  of  mainte- 
nance? The  paper  gives  the  reasons  for  not  adopting  concrete  arches 
for  the  approaches,  and  the  soundness  of  such  reasons  will  probably 
not  be  questioned,  but  the  appropriateness  of  that  type  of  construction 
there  has  probably  occurred  to  almost  every  interested  observer. 

One  other  feature  of  the  work  is  of  character  and  proportions  that 
do  not  accord  with  the  taste  of  some  students  of  bridge  architecture. 
This  is  the  bridge  over  Little  Hell  Gate.  The  inverted  bowstring 
trusses  introduce  a  note  that,  although  not  really  discordant,  seems 
very  outstanding,  and,  in  dipping  down  so  close  to  the  water,  they 
give  the  impression  of  superstructvire  depth  disproportionate  to  the 
whole-structure  height.  The  depth  of  construction  at  mid-span  is 
quite  appreciably  more  than  half  of  the  whole  height  of  the  structure 
above  the  water.  The  paper  states  that  the  trusses  were  made  of 
the  bowstring  type  so  as  to  give  additional  clear  height  near  the  piers 
for  vessels  to  pass — a  somewhat  unusual  provision  for  navigation  which 
generally  prefers  to  give  channel  piers  a  wide  berth.  As  the  founda- 
tion here  was  on  rock  at  a  reasonable  depth,  it  would  seem  that  arches 
of  steel,  or  even  of  concrete,  might  have  been  adopted .  as  consistent 
and  pleasing,  and  less  obstructive  to  navigation.  Was  an  arch  design 
investigated,  and,  if  so,  how  did  it  compare  with  the  bowstring? 


Mr. 
Seaman, 
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Mr.  The  design  of  the  Bronx  Kill  Bridge,  with  inclined  end  posts  at  the 

abutments  and  vertical  ones  at  the  pier,  suggests  the  case  of  more 
than  one  bridge  where  an  original  single  span  has  been  converted 
into  two  spans  by  building  a  pier  under  its  middle  after  it  had  become 
inadequate.  Presumably,  the  heels  or  counterweight  trusses  (the  design 
of  which  is  not  found  in  the  paper)  will,  when  placed,  remove  the 
present  disparity,  hut,  as  that  may  not  be  for  many  years,  would  it 
not  have  been  worth  while  to  make  the  trusses  symmetrical  in  outline 
during  the  interim  by  inclining  the  pier  ends,  which  is  a  common 
practice  for  the  outer  ends  of  bascule  leaves. 

^^  The  paper  is  an  unusually  satisfying  one,  both  in  the  fact  that  it 
api)ears  while  the  public  and  the  professional  interest  in  the  remark- 
able feat  is  still  fresh,  and  in  that  it  discusses  so  freely  the  reasons 
for  the  various  features  of  the  design.  The  oral  presentation  of  the 
subject  by  the  author  was  also  exceptionally  felicitous,  summarizing 
and  supplementing  the  paper  rather  than  repeating  it  by  reading  word 
for  word,  as  is  too  often  done  with  preprinted  papers. 

Henry  B.  Seaman,*  M.  Am.  Soc.  C.  E.  (by  letter).— This  descrip- 
tion of  the  largest,  the  most  scientific,  and,  it  is  believed,  the  most 
artistic  bridge  yet  constructed,  has  been  so  complete  that  anything 
added  might  seem  to  be  a  presumption.  It  is  probably  the  first  large 
construction  wherein  was  adopted  the  new  method  of  proportioning, 
by  which  a  static  unit  strain  is  allowed  and  the  excess  due  to  the  action 
of  the  live  load  is  provided  for  entirely  by  an  impact  formula.  This 
method  of  proportioning  is  the  most  rational  and  the  most  scientific 
which  has  yet  been  used,  and  receives  its  ultimate  interpretation  in 
the  present  structure.  After  investigating  the  subject  very  thoroughly, 
while  acting  as  Consulting  Engineer  to  the  Department  of  Bridges, 
New  York  City,  the  writer,  later,  took  occasion  to  present  the  result 
of  such  study  to  the  Society  in  1912. f  It  seems  to  be  but  a  progressive 
step  from  that  which  was  first  instituted  some  thirty  years  ago  by 
the  late  Charles  C,  Schneider,  Past-President,  Am.  Soc.  C.  E. 

The  description  of  the  higher  scientific  characteristics  of  this  struc- 
ture have  been  thoroughly  outlined  by  Mr.  Ammann,  but  it  might  not 
be  amiss,  in  a  short  space,  to  mention  the  methods  adopted  in  erecting 
the  tall  masonry  piers  of  the  approach  viaduct. 

The  foundations  of  these  piers  were  not  unusual  in  any  way,  but, 
being  of  reinforced  concrete,  of  an  extreme  height  of  about  125  ft., 
and  in  a  continued  series  about  90  ft.  apart,  the  method  of  constructing 
them  rapidly  necessitated  some  new  thought,  or,  as  might  be  better 
expressed,  new  application  of  old  principles. 

*  Washington,    D.   C. 

t  "Specifications  for  the  Design  of  Bridges  and  Subways",  Transactions,  Am.  Soc. 
C.  E.,  Vol.  LXXV,  p.  313. 


Fig.   58. — Genekal  Arrangement  for  Chuting  Concrete. 


Fig.   59. — Wards  Island  Unloading  Plant. 
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At  the  time  the  contract  for  this  masonry  was  undertaken,  the  Mr. 
method  of  chuting  concrete  from  the  mixer  to  its  final  disposition,  ^*"^*°- 
by  using  a  tower,  had  come  into  general  use  in  concrete  construction, 
and,  after  careful  consideration  of  various  other  methods  of  pro- 
cedure, this  one  was  adopted  as  the  most  feasible  for  this  work.  It 
was  proposed  at  first  to  adopt  this  method  with  four  piers,  but,  on 
further  consideration,  it  was  decided  to  extend  it  to  six  piers  as  a 
unit.     This  arrangement  necessitated  an  exceptionally  tall  tower  (214 
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ft.).  This  was  the  highest  free  standing  tower  used  up  to  that  time, 
and  it  was  held  safely  in  position  by  a  series  of  guys.  Fig.  58  is  a 
general  view  of  this  arrangement  in  service.  The  tower  was  built  in 
sections  14  ft.  long,  with  a  special  section  for  the  top,  to  provide  for 
the  working  sheaves.  Fig.  60.  These  sections  were  built  up  with  an 
erecting  crane.  Fig.  61,  which  was  carried  up  with  the  tower  as  the 
erection  proceeded,  and  was  used  as  part  of  it  while  in  service. 

The  planning  of  the  construction  of  this  masonry,  which  was  in 
charge  of  the  writer  as  Consulting  Engineer  for  the  contractor,  was 
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Klu.   62. — General  Arrangement  of  Concrete  Forms,  Randalls  Island. 


Fig.   63. — Construction  of  Concrete  Piers  on  Long  Island. 


Fig.  64. — Forms  and  Centers  in  Place  for  Piers  of  Little  Hell  Gate  Bridge. 


Fig.   65. — Piers  for  Little  Hkll  Gate  Bridge  Protected  by  Heavy  Crib 
Coffer-dams. 
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divided  into  three  sections :  first,  that  on  Long  Island,  in  charge  of  Mr.  Mr. 
J.  J.  Smith  as  Superintendent;  second,  that  on  Wards  Island  and  Little 
Hell  Gate,  in  charge  of  James  H.  Small,  Jr.,  Assoc.  M.  Am.  Soc.  C.  E., 
as  Superintendent;  and  third,  that  on  Randalls  Island  and  the  Bronx 
Kill  Bridge,  in  charge  of  Mr.  Little  as  Superintendent.  Each  Super- 
intendent arranged  the  details  of  his  own  work,  but  the  general  pro- 
cedure, as  outlined,  was  adopted  on  all  sections,  except  that  of  Randalls 
Island,  where  the  piers  were  lowest.  There  it  seemed  to  be  most 
expedient  to  place  derricks  on  elevated  platforms,  and  deposit  the 
concrete  by  buckets,  instead  of  by  chutes.  The  work  on  Wards  Island 
was  perhaps  the  most  carefully  prepared  in  layout,  and  it  was  on  this 
division  that  the  most  complete  and  satisfactory  arrangement  was 
made  for  handling  the  materials.  A  large  set  of  bins  for  broken  stone 
or  gravel,  sand,  and  cement  was  erected  near  the  shore  at  Hell  Gate, 
and  the  material  was  carried  by  a  20-in.  belt  conveyor  from  scows 
to  the  bins,  Fig.  59.  From  these  bins  the  material  was  dropped  into 
cars  especially  constructed  for  the  purpose,  each  having  a  capacity 
of  about  12  cu.  yd.,  and  by  this  means  conveyed  to  the  mixer.  The 
mixer  was  placed  so  that  the  charging  hopper  was  set  below  the  surface 
of  the  earth,  thus  permitting  the  material  to  be  dropped  in  proper 
proportions  directly  into  the  hopper.  The  mixer  was  then  charged  and, 
after  a  rotation  of  about  li  min.,  was  discharged  into  the  hoisting 
bucket  and  lifted  to  the  chutes. 

In  the  design  of  the  forms,  attention  was  paid  to  the  importance 
of  duplication,  and  standard  sections  were  used  from  the  top  of  the 
pier  downward,  the  variation  in  height  of  the  piers  being  provided 
for  by  the  height  of  the  first  form  placed.  The  forms  were  in  sections 
of  about  12  by  14  ft.,  and  were  made  of  2-in  ship-slab  sheeting,  planed 
on  one  side,  with  4  by  8-in.  studs,  2  ft.  6  in.  apart.  The  forms  were 
held  in  place  by  6  by  8-in.  wales,  6  ft.  apart.  These  forms  were  bolted 
end  to  end,  so  as  to  prevent  leakage.  Adjustable  corner  forms  were 
used  at  the  recess  of  the  pier.  The  heavy  batter  (1:1)  at  the  base 
of  the  pier  was  made  by  a  form  of  special  construction.  The  arch 
centers  were  designed  so  as  to  throw  the  thrust  directly  on  the  pier 
as  a  buttress,  and  were  supported  by  timbers  set  into  the  concrete. 
These  timbers  were  arranged  so  that  they  could  be  unbolted  and  with- 
drawn without  injury.  Considerable  difficulty  was  experienced  in 
removing  these  arch  centers,  and,  on  a  repetition  of  the  work,  a  modi- 
fication would  probably  be  devised  by  which  the  form  could  be  hinged 
at  the  top,  and  thus  made  collapsible. 

Owing  to  the  great  weight,  of  the  forms,  a  special  crab- derrick  was 
placed  on  top  of  the  concrete  and  raised  as  the  pier  progressed. 

Figs.  62  and  63  show  the  general  arrangement  of  this  work  on 
Randalls  Island  and  Long  Island,  respectively. 
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Fig.  64  shows  the  construction  of  the  forms  and  centers  for  the  piers 
of  Little  Hell  Gate  Bridge.  The  forms  are  practically  hooped  barrels, 
the  first  form  being  of  variable  height,  as  already  described  for  the 
rectangular  piers. 

The  foundations  of  these  piers  are  on  rock,  about  12  ft.  below  low 
water,  and  in  a  current  running  7  miles  per  hour.  The  construction 
was  protected  by  heavy  crib  coffer-dams  (Fig.  65).  The  pit  was  pumped 
dry  and  the  bottom  leveled  off.     Forms  were  then  set  inside  for  the 


LUMBER  FOR  S   COPFE«-DAM  TO   SUIT  REQUIRED  DEP 


LUMBER  FOR,  in  on  8  COFFER-DAM 

40-  8  I  12-23  o'Sidea 
4.10'i  lOUS'O" Posts 
4       •■       20'8'Crib  Braces 


OF  MATERIAL    FOR    l-2'l  6  X   24  6  CAISSON 
i-V2'x  l?'.'4'0'i!utlin5  Edge 
76-101 10-':;j'i:  Side  \\all9 
28       ■•       10 'O  "Posts 

16    •'     n'li"  •• 


I  Course  Deck 

j;;^^  Corbels 
1      lU  S'Chamber  Strut 

s'u'Knee  Braces 
i       20^8_'Top  i  Bottom  Truss  Chords 
'    ,  17  o"  Truss  Braces 
10  io's'Side  Chocks 
2     ..       ll.'s"   .. 
2      ..        H'c'Oeiling 
2     ,..     .is'fi.'    " 
100-3  s  lO-lo'OShealing 

DRIFT  i-SCREW  BOLTS  FOR  1  CAISSON 


^■Lin.  Ft.  8  Channel  Cutting  Edge 


DRIFT  BOLTS  FOR  8  COFFER-DAM 
—2  240-Jj'l  27" 

Note:-Caisson  to  be  reotangular 
as  shown  and  Forms  to  be  bliilt 
inside  for  octagonal  section  abors 
ele^-ation  -  49. 


l^Lf,  Tie  R<Ki  21  0  jui 
l"ltc.ai'ore«ch  Ch.  Slrul 
SECTION  A-A 


■■■"■"■■J -65 

PROPOSED  DIMENSIONS 
OF  PIERS 


SECTION  B-B        SECTION  C-C 

NEW  YORK  CONNECTING   R.R, 

PNEUMATIC  CAISSON  AND  COFFER-DAM 

FOR  PIERS  20  &  21 

bronx  kills  bridge 
Fig.  66. 

concrete.  On  this  concrete  foundation,  masonry  was  laid,  about  12  ft. 
high,  so  as  to  protect  the  pier  at  the  water  surface.  On  this  masonry 
the  concrete  shafts  were  then  constructed.  A  trestle  of  simple  pile 
construction,  three  piles  per  bent,  with  12  by  12-in.  caps  and  12  by  12-in. 
stringers,  was  used  at  this  river  work. 

The  construction  of  the  tower  of  the  Wards  Island  foundation  for 
the  main  arch  span  has  already  been  described  by  Mr.  Ammann. 
The  preliminary   studies  of  this  work  on  the  part  of  the  contractor 
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contemplated  sinking  these  various  cylindrical  and  rectangular  con-  Mr. 
Crete  caissons  by  open  dredging.  This  process  proceeded  with  eminent 
satisfaction  as  to  accuracy  to  a  depth  of  about  30  ft.  below  ground, 
when  it  was  believed  by  the  engineers  that  greater  progress  could  be 
accomplished  by  the  use  of  compressed  air.  As  such  work,  however, 
had  not  been  contemplated  by  the  contractor,  it  was  taken  over  by 
the  Railroad  Company. 

The  foundations  of  the  Bron:x  Kill  Bridge  were  sub-contracted 
to  the  Arthur  McMullen  Company.  Fig.  66  shows  the  caissons  used 
by  that  firm.  The  deepest  part  of  the  foundations  for  these  piers  was 
91  ft.  below  high  water. 

GusTAv  Lindenthal,*  M.  Am.  Soc.  C.  E.  (by  letter). — Mr.  Breit-        Mr 
haupt  believes  that  for  Little  Hell  Gate  either  spandrel-braced  or  double- 
ribbed  arches   should  have  been  used,  in  place  of  the  inverted  bow- 
string type. 

There  is  no  navigation  on  this  short  stream,  except  that  of  small 
pleasure  launches  and  sailing  boats.  The  clear  height  above  the  water 
was  of  less  importance,  in  the  opinion  of  the  Government  engineers, 
than  the  obstruction  from  piers.  It  is  expected  that  this  channel 
(which  connects  the  East  River  with  the  Harlem  River)  will  be 
deepened,  not  for  purposes  of  navigation,  but  for  a  more  ample  flow  of 
the  tides  through  it.  Long  piers  in  the  direction  of  the  currents  were 
regarded  as  offering  more  obstruction  to  the  tidal  flow  than  the  column 
piers  as  arranged.  Metal  arches  in  place  of  bow-string  girders  would 
have  required  heavier  column  piers  to  take  up  the  resultant  between 
loaded  and  unloaded  adjacent  spans.  There  would  have  been,  not  only 
no  saving  in  the  total  cost  of  this  crossing,  but  more  obstruction  to 
the  current. 

For  an  arrangement  of  four  continuous  spandrel-braced  arches, 
delivering  only  vertical  pressure  on  the  river  piers  and  subject  to  heavy 
temperature  stresses,  violent  reversion  stresses,  and  large  secondary 
stresses,  the  relation  of  live  load  to  dead  load  was  not  favorable.  It  is 
not  an  arrangement  suitable  to  a  railroad  bridge. 

At  first,  parallel-chord,  riveted  trusses  were  considered,  but  most  of 
the  members  were  so  large  as  to  require  cross-sections  with  four  webs. 
That  is  very  objectionable  in  tension  chords.  The  inverted  bow-string 
girder,  with  the  tension  chord  composed  of  eye-bars,  made  a  more  satis- 
factory structural  arrangement.  The  web  stresses  in  this  form  of  truss 
are  small,  and  the  details  for  them  simple.  The  eye-bars  are  the  heav- 
iest ever  forged — 16  by  2|  in.,  with  16-in.  pins. 

The  superstructure  receives  its  lateral  rigidity  through  an  extra 
heavy  and  rigid  wind  and  vibration  truss  in  the  plane  of  the  top  chords. 
It  is  sufficient  to  transmit  the  wind  pressure,  which  acts  on  the  bottom 

*  New  York  City.  ..u.  , 
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Mr.  chord  at  each  vertical  web  member,  by  a  stiif  diagonal  to  the  wind  truss 
above;  therefore,  no  bracing  is  required  in  the  bottom  chord.  The 
correctness  of  this  detail  is  proved,  also,  by  the  fact  that  the  bridge  is 
laterally  quite  rigid  under  trains.  The  rigidity  of  the  superstructure 
is  further  enhanced  by  the  fact  that  its  center  line  of  gravity  is  about 
15  ft.  below  the  points  of  support  on  top  of  the  piers  and  abutments.  It 
would  be  in  stable  equilibrium,  therefore,  even  without  any  lateral  brac- 
ing below  the  wind  truss. 

It  will  be  noticed,  in  the  silhouette  of  the  bridge,  that  its  floor-table 
has  the  same  thickness  (10  ft.)  as  the  plate-girder  approaches.  The 
harmony  of  design  is  thus  preserved.  That  uniformly  deep  floor-table 
forms  a  continuous  heavy  line  on  top  of  the  masonry  piers;  it  appears 
on  this  structure,  at  a  distance,  as  if  supported  on  slim  catenary  chains, 
but,  in  fact,  these  chains  each  form  the  heaviest  eye-bar  chord  mem- 
ber in  any  existing,  simple-span,  truss  bridge. 

The  masonry  tower  piers  at  each  end  of  Little  Hell  Gate  form  a 
sufficient  break  to  mark  the  longer  spans.  These  towers  are  hollow, 
and  contain  emergency  stairways.  Their  form,  it  is  true,  could  have 
been  somewhat  improved,  had  they  been  studied  in  a  model,  as  was  done 
in  the  case  of  the  granite  towers  for  the  large  arch  span.       ,    4..;,f3\ 

The  writer  would  have  preferred  to  make  provision  from  the  start 
for  a  second  deck  throughout  for  a  boulevard  over  the  railroad  tracks, 
which  he  foresaw  would  be  wanted  in  the  future  for  highway  traffic 
between  the  Bronx  and  Long  Island ;  but  his  efforts  at  that  time  to  get 
the  public  and  city  authorities  interested  in  a  boulevard  were  not  suc- 
cessful, and  were  also  not  favored  by  the  Railroad  Company.  The  time 
will  come,  however,  when  such  a  boulevard  may  be  added.  It  will  be 
cheaper  to  do  that  than  to  build  a  separate  parallel  structure  for  that 
purpose. 

Contrary  to  Mr.  Quimby's  opinion,  the  span  length  of  the  concrete 
viaduct  is  not  too  short.  As  stated  in  the  paper,  the  most  economical 
length  was  chosen,  except  where  affected  by  the  location  of  the  streets. 
By  examining  the  costs  of  masonry  and  steelwork  given,  Mr.  Quimby 
can  easily  convince  himself  of  this  fact. 

An  important  reason  for  adopting  the  concrete  piers  was  that  objec- 
tion was  made  by  the  authorities  of  Wards  and  Randalls  Islands  to  the 
steel  columns,  because  they  feared  that  inmates  of  the  municipal  insti- 
tutions on  those  islands  would  climb  them  and  make  their  escape. 
It  was  insisted  that  the  design  adopted  should  prevent  this. 

Mr.  Quimby's  idea  as  to  what  should  have  been  the  arrangement  of 
the  end  panel  in  the  large  arch  is  based  on  an  erroneous  assumption. 
Assuming  that  the  top  chord  of  the  arch  would  be  anchored  in  the 
towers,  making  of  the  arch  a  type  with  fixed  ends  and  end  moments, 
a  diagonal  member  to  the  end  of  the  top  chord  would  be  entirely  su- 
perfluous, and  would  appear  so  to  the  technically  trained  eye,  as  the 
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shearing  stress  would  be  taken  care  of  by  the  masonry.     The  anchor-        Mr. 
ing  of  the  top  chord,  however,  would  have  required  much  heavier  stone    '°  ®°    *  • 
towers,  and  of  different  form,  in  order  to  take  up  the  horizontal  anchor- 
age stresses  at  the  top. 

The  top  chord  was  prolonged  into  the  masonry  simply  for  con- 
venience of  inspection.  There  is  a  little  stairway  hidden  in  the  end  of 
the  deep  top  chord  over  which  one  is  enabled  to  enter  from  the  interior 
of  the  tower  and  go  out  on  the  chord.  The  objection  of  the  Municipal 
Art  Commission  to  the  first  design  was  merely  against  the  too  ornate 
form  of  the  towers  of  moulded  concrete.  The  form  of  towers,  therefore, 
was  simplified,  and  granite  was  chosen  for  the  exterior  faces. 

Clement  E.  Chase,*  Jun.  Am.  Soc.  C.  E.  (by  letter). — It  is  largely  Mr. 
through  innovations  introduced  into  the  design  of  large  bridges,  such  Chase, 
as  the  Hell  Gate  Arch,  that  structural  engineering  advances.  Prece- 
dents launched  with  such  prestige  may,  in  fact,  become  established  in 
practice  without  being  subjected  to  such  critical  examination  of  their 
merits  as  should  be  the  case.  An  important  new  feature  of  the  Hell 
Gate  design,  quite  likely  to  be  of  wide  influence,  is  the  use  of  single, 
unusually  heavy  plates  for  the  webs  of  the  main  chords. 

Mr.  Ammann  states: 

"It  is  frequently  maintained  that  better  material  is  obtained  in  the 
thinner  than  in  the  thicker  plates.  This  was  not  substantiated  by  the 
great  number  of  specimen  tests  made  for  the  Hell  Gate  Bridge  from 
material  varying  from  A  in.  to  2  in.  in  thickness.  In  general,  the 
thick  material  showed  as  high  elastic  properties  and  ultimate  strength 
as  the  thinner  material  rolled  from  the  same  heat." 

From  this  the  impression  might  be  gathered  that,  in  some  unex- 
plained way,  the  mills  which  produced  the  steel  for  the  Hell  Gate 
Arch  had  overcome  the  difficulties  which  had  hitherto  prevented  the 
thickness  of  material  being  increased  beyond  average  gauges  (|  to  |  in.) 
except  at  the  expense  of  quality.  This  decrease  in  quality  with 
increase  in  thickness  has  not  only  been  the  commonly  accepted  belief 
of  those  whose  experience  has  been  greatest  in  testing  steel,  but  there 
is  on  record  ample  experimental  evidence  to  support  this  view,  for 
example.  Table  16  in  the  paper  by  Henry  S.  Prichard,  M.  Am.  Soc. 
C.  E.,  entitled  "The  Effects  of  Straining  Structural  Steel  and  Wrought 
Iron."t 

It  would  seem  that  Mr.  Ammann  relies  on  the  yield  point  and 
ultimate  strength  showing  of  the  specimen  tests  (and  these,  presumably, 
the  inspector's  mill  tests)  to  support  the  belief  that  the  thick  plates 
were  obtained  at  no  sacrifice  of  quality.  However,  neither  of  these 
values,   as   commercially   determined,   can   be  accepted   as   more   than 

*  Poughkeepsie,  N.  Y. 
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Mr.  a  fractional  part  of  the  measure  of  quality.  For  its  complete  deter- 
mination, the  actual  elastic  behavior,  such  as  is  presented  to  the  eye 
in  an  accurate  stress-strain  curve,  and  the  ductility,  at  least,  must 
be  known.  Quality  for  structural  uses  should  also  take  account — 
though  possibly  in  lesser  degree — of  shock  resistance  and  endurance 
under  repeated  loadings. 

The  increasing  inferiority  in  ductility  with  increasing  thickness 
is  usually  taken  note  of  in  specifications,  to  which  the  Hell  Gate 
requirements  (Table  1)  are  no  exception. 

There  is  no  mystery  in  the  inverse  relation  of  thickness  and  quality 
of  rolled  steel ;  the  necessities  of  commercial  mill  practice  are  sufficient 
explanation.  Usually,  plates  or  shapes  of  a  wide  range  in  weight 
per  foot  are  rolled  from  ingots  of  the  same  cross-section,  which  causes 
the  ratio  of  reduction  to  be  less  as  the  thickness  of  the  product 
increases.  Aside  from  this,  the  construction  of  the  mills  in  use,  which 
were  designed  almost  without  exception  for  lighter  sections,  demands 
that,  when  heavy  products  are  being  rolled,  the  steel  must  be 
finished  hotter.  Even  if  finished  at  the  same  temperature,  a  thick 
piece  will  cool  more  slowly  than  a  thin  one.  The  result,  considered 
in  terms  of  micro-structure,  will  be  a  coarser-grained  material.  It  is 
well  established  that  the  larger  the  grain  size  of  steel,  the  lower  will 
be  the  stress  at  which  deviation  from  elastic  behavior  occurs,  the 
lower  the  elongation  and  reduction  of  area  at  rupture,  the  lower  the 
shock  resistance  and  the  endurance  under  repeated  loads. 

The  yield  point  and  ultimate  strength  determinations  of  the  mill 
tests,  on  which  Mr.  Ammann  based  his  statement,  have  their  useful- 
ness in  guarding  against  serious  variations  of  a  standard  product 
from  normal,  but,  as  experimental  proof  of  the  adequacy  of  a  new 
product  for  a  new^  use,  they  would  have  but  little  weight.  There  are 
several  reasons  for  this :  they  are  made  hurriedly,  in  commercial 
routine,  which  must  disregard  the  niceties  of  testing;  the  samples 
selected  are  not  representative  of  all  parts  of  the  material;  and,  as 
explained  before,  these  characteristics  are  themselves  a  very  incom- 
plete statement  of  quality. 

Ordinary  mill  tensile  tests  are  completed  at  a  rate  of  from  thirty 
to  fifty  per  hour,  and,  even  under  the  severest  specifications  in  use, 
they  are  made  much  too  quickly  to  have  any  scientific  standing.  It 
is  not  the  writer's  understanding  that  the  Hell  Gate  specimens  were 
tested  wdth  any  refinements  beyond  those  customary  in  inspecting 
material  for  other  high-grade  bridgework. 

The  misrepresentative  character  of  mill  tests  is  a  matter  of  common 
knowledge.  In  comparing  heats  rolled  into  similar  products,  this 
may  be  overlooked,  for  the  specimens  are  taken  from  the  same  locality 
in  the  product  each  time,  and  the  tests  are  comparable,  as  far  as 
they  go.     To  judge  of  the  full  strength  of  the  material  over  its  entire 
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cross-section,  they  would  be  inadequate.  For  instance,  in  the  ease  of  Mr. 
universal  mill  plate,  tests  are  cut  next  to  the  rolled  edge.  By  reason  of 
the  amount  of  work  received,  the  lower  working  temperature,  the  radia- 
tion from  three  sides  in  cooling,  and  the  distance  from  the  more  or  less 
segregated  axis  of  the  plate,  this  part  of  the  plate  is  ordinarily  much 
superior  to  any  other.  It  will  show  a  higher  elastic  ratio  and  higher 
ductility  than  the  center,  and  the  thicker  the  plate  the  greater  the 
difference  between  the  showing  of  the  edge  and  what  would  be  the 
showing  of  the  center.  For  sheared  plate,  the  circumstances  are 
much  the  same,  except  that  the  actual  ragged  edge  is  first  removed 
by  shearing. 

That  the  yield  point  and  ultimate  strength  (even  if  accurately 
determined  and  representative)  do  not  alone  tell  the  whole  story  of 
the  structural,  usefulness  of  metal  has,  for  columns,  been  strikingly 
pointed  out  in  the  recent  final  report  of  the  Society's  Special  Com- 
mittee on  Steel  Columns  and  Struts. 

It  is  stated  therein  that: 

"Neither  the  'yield  points'  as  indicated  by  the  drop  of  the  beam, 
nor  the  ultimate  strengths,  bear  any  consistent  relation  to  the  U. 
L.  P.'s,  or  ultimate  strengths,  of  the  full-size  columns." 

The  point  to  which  is  ascribed  the  greatest  importance,  the  "Use- 
ful Limit  Point",  can  only  be  located  when  the  critical  portion  of 
the  stress-strain  curve  is  known  with  precision.  Barring  accidental 
blows,  which  would  call  ductility  and  shock  resistance  into  play,  or 
unlikely  repetition  of  over-loads  to  the  extent  of  testing  repeated 
stress  endurance,  it  is  this  curve  which  determines  structural  fitness. 
This  is  as  true  of  tension  members  as  of  the  compression  members 
with  which  the  report  deals. 

Bearing  directly  on  the  subject  under  discussion,  the  Committee 
finds  that  the  useful  limit  of  a  column's  unit  strength  decreases  as 
the  thickness  of  the  component  material  increase^.*  However,  the 
Committee's  tests  did  not  include  columns  of  equal  cross-section,  made 
up  in  the  one  case  of  single,  thick  plates,  and  in  the  other  of  several 
thinner  plates,  stitch-riveted  together,  and  this  leaves  a  loophole  for 
arguments  such  as  Mr.  Ammann's  on  page  S91.  Referring  to  the 
Committee's  test,  he  says: 

"If  tlie  heavy  columns  had  been  built  up  of  several  thin  plates, 
tack-riveted  together,  their  compressive  strength  would  probably  have 
been  even  less." 

Although,  possibly,  some  weakness  is  introduced  in  tliis  way,  the 

writer   feels   that   it   is   of   far   smaller   degree   than   the   influence   of 

thickness  of  material   in   reducing  the  limit  of  structural   usefulness 

*  The  reader  is  referred  to  Tables  22  and  23  of  the  Final  Report  of  the  Special 
Committee  on  Steel  Columns  and  Struts,  Proceedings,  Am.  Soc.  C.  E.,  December, 
1917. 
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Mr.     under  load.     It  is  rather  strange  that,  with  all  the  large-sized  column 

■  tests  which  have  recently  been  made,  there  should  have  been  none 
to  throw  light  on  this  point  directly.  The  designers  of  the  new 
Quebec  Bridge  evidently  held  one  view,  the  designer  of  the  Hell  Gate 
Arch,  the  other;  and  yet  only  a  few,  relatively  inexpensive  tests 
would  be  required  to  settle  the  matter.  The  question  is  of  fundamental 
importance,  and  should  be  removed  from  the  field  of  speculation  and 
controversy. 

Mr.  O.  H.  Ammann,*  M.  Am.  Soc.  C.  E.  (by  letter). — It  is  gratifying  to 

■  note  that  the  design  of  the  Hell  Gate  Bridge  structure  as  a  whole 
as  well  as  its  general  structural  and  architectural  features  are  approved 
without  exception  by  those  who  discussed  this  paper. 

Some  of  the  criticism  on  the  general  design  of  the  Hell  Gate  Arch, 
the  Little  Hell  Gate  Bridge  and  on  certain  features  of  the  approach 
viaducts  has  been  answered  by  the  designer  himself,  and  it  remains 
only  to  reply  briefly  to  the  discussion  of  various  special  features  and 
details. 

Selection  of  Type  of  Bndge. — Mr.  Moisseiif  is  of  the  impression 
that  the  suspension  type  of  bridge  with  a  longer  span  would  have  been 
selected  had  the  unfavorable  foundation  conditions  on  the  Wards 
Island  side  been  better  known.  As  stated  in  the  paper,  the  arch  was 
selected  in  preference  to  the  suspension  type  principally  on  account 
of  the  local  conditions,  which  precluded  long  shore  spans.  Whether  a 
suspension  bridge  with  a  shorter  span  would  have  been  more  economical 
under  the  soil  conditions  as  actually  found  could  be  determined  only 
by  a  complete  design,  but  it  is  unquestionable  that  a  suspension 
bridge  with  a  longer  span  than  the  arch  would  have  been  more  costly, 
in  spite  of  cheaper  foundations. 

Had  the  unfavorable  soil  conditions  been  fully  known  earlier,  a 
relocation  of  the  line  might  have  been  closely  investigated,  but  it  is 
doubtful  whether  any.  saving  could  have  been  effected,  because  any 
other  location  would  have  meant  a  longer  span. 

Towers  and  Foundations. — The  writer  agrees  with  Mr.  Moisseiff 
that  towers  are  not  an  economical  feature  if  intended  for  the  exclusive 
purpose  of  keeping  the  resultant  reaction  within  the  middle  third 
of  the  foundation  area,  because,  if  it  is  a  mere  question  of  sufficient 
weight  of  masonry,  such  weight  can  be  provided  more  cheaply  by 
extending  the  foundation  in  the  direction  of  the  axis  of  the  bridge. 
Where  it  is  a  question  of  providing  towers  for  architectural  reasons, 
however,  such  towers  constitute  at  the  same  time  a  considerable 
saving  in  the  foundation  masonry  and  are  then  not  entirely  for 
architectural  purposes. 

*  South  Amboy,   N.   J. 
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Bottom  Chord  Section.— Mr.  Fowler  comments  on  the  section  Mr. 
of  the  bottom  chord  as  lacking  in  economy,  when  compared  with  the 
cellular  circular  type.  This  is  true  as  far  as  economy  of  metal  is 
concerned,  but  practical  difficulties  in  making  the  circular  section 
offset  the  economy.  The  form  of  section  which  Mr.  Fowler  proposes 
for  the  bottom  chord  of  a  cantilever  bridge  of  2  000-ft.  span  is  an 
excellent  substitute  for  the  circular  one,  and  would  be  particularly 
suited  also  for  the  main  rib  of  a  great  arch.  It  is  compact,  and 
has  no  outstanding  flanges  or  wide  thin  webs,  which  are  always  a 
source  of  local  buckling;  and  the  effective  section  is  well  distributed 
at  equidistant  points  from  the  center  of  gravity.  However,  on 
account  of  its  many  pockets  and  oblique  angles,  which  make  fabri- 
cation expensive,  it  can  hardly  be  recommended  for  sections  of  less 
than  1 000  sq.  in.  of'  effective  area,  especially  when  the  chord  is  to 
be  tapered,  as  was  found  desirable  in  the  case  of  the  bottom  chord 
of  the  Hell  Gate  Bridge. 

The  Three-Faced  Joint. — The  comment  on  this  joint  of  the  bottom 
chord  has  been  favorable.  Mr.  Moisseiff  would  deduct  the  excess 
stress,  caused  by  the  bearing  over  the  middle  third  of  the  joint, 
from  the  specified  unit  stress  for  compression  members.  This  does 
not  appear  to  be  necessary,  and  would  offset  the  economy  of  the 
design.  The  bearing  stress  at  the  middle  of  the  joint  can  reach  the 
yield  point  without  harm,  as  the  metal  thus  strained  is  well  confined 
on  all  sides  within  metal  which  is  strained  to  less  than  the  per- 
missible limit,  and  to  which  it  imparts  its  excess  stress  within  a  short 
distance  of  the  joint.  The  three-faced  joint  approaches  the  condition 
of  a  roller,  or  ball  bearing,  for  which  the  maximum  bearing  stress  is 
allowed  to  run  at  least  50%  higher  than  the  average  stress  of  a 
compression  member.  '''' 

Thick  vs.  Thin  Plates. — One  of  the  features  most  widely  com- 
mented on  is  the  extraordinaiy  thickness  of  2  in.  adopted  for  the 
webs  of  the  heavy  compression  chords.  It  is  variously  stated  that 
experience  has  shown  that  thick  metal  is  commonly  not  as  strong 
and  elastic  as  thin  metal  rolled  from  the  same  material. 

The  designer  fully  recognized  this  fact,  and  for  this  reason  allowed 
a  wider  variation  for  the  ultimate  strength  of  hard  steel,  of  which 
the  2-in.  plates  are  made,  than  is  allowed  on  ordinary  structural  steel 
(see  foot-note  below  Table  1).  It  was  expected  that  the  thicker 
material  would  generally  be  below  the  "desired"  strength  or  nearer 
the  minimum,  and  the  thinner  one  nearer  the  upper  limit ;  also,  a 
graduated  lower  limit  was  set  for  the  elongation  of  thick  material 
(see  foot-note  below  Table  1). 

The  final  specifications  were  drawn  after  thorough  consultation 
with  the  manufacturers,  whose  obligation  it  was  to  produce,  and 
who  did  produce,  the  desired  qualities. 
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Mr.  In   spite   of   the   expected   slightly    inferior    physical   qualities,    the 

designer  considered  thick  plates  for  compression  members  superior 
to  thin  plates,  which  are  weakened  by  many  stitch-rivets  and  the 
possibility  of  local  buckling  between  the  rivets. 

The  expectation  of  lower  results  for  thick  plates,  however,  was 
not  borne  out  by  the  results.  The  individual  test  reports  are  not 
readily  available  at  the  present  time,  also  space  would  not  permit 
of  their  complete  reproduction,  but  the  fact  is,  as  stated  in  the 
paper,  that  the  tests  of  thick  metal  were  generally  as  favorable  as 
those  of  thin  metal  from  the  same  heat.  The  only  exception  was  the 
elongation,  which  ran  slightly  lower  in  the  thick  metal,  but  not  to 
the  extent  allowed  by  the  specifications. 

The  question  as  to  the  superiority  of  thick  plates  over  stitch- 
riveted  plates  for  compression  members  can  be  convincingly  solved 
only  by  a  series  of  systematic  tests.  In  the  absence  of  such  tests,  only 
judgment  can  govern;  it  would  seem  to  the  writer  that  it  is  sounder 
judgment  to  build  up  a  member  of  solid  metal  unweakened  by  forceful 
injuries.  Mr.  Chase  seems  to  take  into  consideration  only  the  direct 
strains.  How  imiiortant  the  shearing  stresses  are  in  compression 
members  is  now  well  recognized  with  respect  to  the  latticing  of  columns. 
That  a  lamellar  bar  is  stronger  in  that  respect  than  a  solid  bar  does 
not  seem  plausible. 

There  is  also  a  practical  question  to  be  considered.  Rivets  are 
apt  to  be  less  perfect  the  longer  their  grip  and  the  greater  the  number 
of  plates  to  be  riveted  together,  and,  therefore,  it  would  seem  that  it 
is  especially  desirable  to  avoid  riveting  in  large  members,  as  far  as 
possible. 

Mr.  Chase  appears  to  assume  that  the  writer  disregarded  the 
ductility  of  the  steel,  in  comparing  the  test  results  of  thin  and  thick 
metal.  On  the  contrary,  he  took  the  elongation  and  reduction  fully 
into  consideration.  These  qualities  in  connection  with  the  elastic  limit 
and  ultimate  strength  give  the  engineer  a  fair  measure  of  the  quality 
of  the  stress  for  practical  purposes,  without  going  into  the  theoretical 
niceties  of  stress-strain  diagrams.  Where  the  number  of  tests  is  aa 
great  as  in  the  case  of  the  Hell  Gate  Bridge,  the  fact  that  they  are 
not  made  with  extreme  refinement  has  little  l>earing  on  the  relative 
quality  of  thin  and  thick  metal.  Contrary  to  Mr.  Chase's  under- 
standing, the  tests  were  conducted  with  more  than  ordinary  care  and 
watchfulness  on  the  part  of  the  inspector.  The  testing  machine  was 
not  allowed  to  run  with  a  greater  speed  than  2  in.  per  min.,  and  the 
objectionable  features  of  commercial  mill  testing,  as  mentioned  by 
Mr.  Chase,  were  avoided.  More  specimens  were  made  from  each  heat 
than  in  ordinary  practice,  and  the  specimens  were  cut  both  parallel 
and  at  right  angles  to  the  direction  of  rolling,  and  from  both  the 
edge  and  center  of  the  plate.         .,    _■: 
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The  writer  cannot  see  what  shock  resistance  and  endurance  under       Mr. 
repeated  loads  have  to  do  with  the  question  under  consideration. 

Assenibling  of  Trusses.— In  reply  to  Mr.  Wagner's  inquiry,  relative 
to  the  assembling  of  the  arch  trusses,  the  writer  wishes  to  state  that 
the  specifications  prescribed  complete  assembling  of  the  truss.  On 
request,  the  Bridge  Company  was  subsequently  allowed  to  assemble 
each  section  of  four  panels,  the  last  panel  being  reassembled  to  the 
next  section,  thus  insuring  accuracy  for  all  connections. 

Floor  Const  met  ion. — The  writer  cannot  agree  w^ith  Mr.  Wagner  that 
the  floor  construction  would  have  been  made  more  durable  by  water- 
proofing, by  which  presumably  is  meant  a  water-proof  covering  of 
the  concrete.  The  cost  of  a  good  water-proof  covering  is  out  of  pro- 
portion to  the  advantage  gained,  but  even  the  best  water-proofing 
known  cannot  be  as  durable  as  the  concrete  base  itself.  If  it  becomes 
defective,  it  is  likely  to  cause  more  trouble  than  if  it  had  not  been  used. 
In  the  case  of  the  Hell  Gate  Bridge  and  approaches,  the  concrete 
slab  has  been  made  water-proof  by  carefully  selecting  the  materials 
and  determining  the  proper  proportion  to  secure  the  greatest  density, 
by  carefully  troweling  the  surface  to  a  smooth  finish  before  the  con- 
crete had  set,  by  using  sufficient  steel  reinforcement  to  prevent  crack- 
ing, and  by  giving  the  surface  sufficient  slope  and  providing  frequent 
and  large  drain  holes  to  give  the  water  a  free  run-off. 

In  concluding,  the  writer  heartily  thanks  all  who  have  taken 
the  pains  to  discuss  this  paper  for  their  courteous  expressions  of 
approval  of  the  manner  in  Avhich  this  rather  complex  subject  has 
been  presented.  He  earnestly  hopes  that  the  discussion  on  some  of 
the  disputed  questions  may  be  an  inducement  for  further  investigation. 
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Synopsis. 

The  magnitude  of  the  Hell  Gate  Arch  Bridge  and  its  interesting 
construction  features  suggested  the  desirability  of  utilizing  the  bridge 
as  an  instrument  for  scientific  research  by  conducting  a  series  of  stress 
measurements  extending  through  all  the  different  stages  of  erection 
until  the  structure  was  completed.  As  a  result  of  these  observations, 
the  Hell  Gate  Arch  is  probably  the  only  structure  ever  built  in  which 
the  true  stress  conditions  are  known  from  experimental  determination. 

In  order  to  give  this  investigation  its  proper  setting  and  perspective, 
there  is  presented,  as  an  introduction,  a  resume  of  previously  pub- 
lished measurements  of  stresses  in  bridges,  with  a  brief  statement  of 
the  most  significant  results  obtained.  From  these  findings,  particularly 
with  reference  to  secondary  stresses,  conclusions  are  drawn  by  which 
to  improve  the  design  of  railway  viaducts  and  bridges.  The  record, 
on  the  whole,  indicates  the  scarcity  of  such  observations  in  the  past, 
and   serves   to   emphasize   the   value   and   importance   of   undertaking 

*  Presented  at  the  meeting  of  November  21st,  1917. 
t  Now  M.  Am.  Soc.  C.  E. 
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more  investigations  of  this  character  in  order  to  confirm  or  correct 
the  results  of  theoretical  analysis.  This  experimental  verification  of 
stress  conditions  is  particularly  desirable  in  fields  previously  vmex- 
plored,  or  wherever  there  are  special  features  which  may  produce  uncer- 
tain variations  from  calculated  conditions. 

The  original  objects  in  view  in  undertaking  these  stress  measure- 
ments were:  to  follow  up  the  stresses  in  arch  and  back-stays  as  critical 
erection  stages  were  approached;  to,  check  and  control  certain  critical 
operations  in  the  erection;  to  check  the  stresses  in  the  completed 
indeterminate  structure,  in  order  to  detect  any  variation  from  assumed 
conditions;  and  to  determine  the  true  secondary  stresses  for  com- 
parison with  the  calculated  values. 

The  paper  includes  a  brief  description  of  the  instruments,  the 
method  of  operation,  and  the  precautions  required  for  accurate  work. 
This  is  followed  by  a  full  presentation  of  the  results,  including  a 
tabulated  comparison  of  the  calculated  and  measured  primary  and 
secondary  stresses. 

From  the  results  of  the  measurements  and  comparisons,  conclusions 
are  deduced  on  the  following  subjects: 

1. — The  precision  attainable  with  the  instrument,  and  the  reliability 
of  this  method  of  measuring  stresses; 

2. — The  probable  error  of  calculated  stresses,  indicating  the  futility 
of  excessive  precision  in  their  computation; 

3. — The  extreme  variations  of  fiber  stress  in  a  member,  representing 
the  combined  effect  of  all  known  and  unknown  secondary  strains; 

4. — Safe  working  values  for  the  design  of  bridge  members,  leaving 
a  margin  below  the  elastic  limit  for  extreme  variations  from  calculated 
stresses ; 

5. — Relative  values  of  calculated  and  measured  secondary  stresses 
(it  is  shown  that  the  latter  are  generally  lower)  ; 

6. — The  effect  of  the  erection  operations  on  the  secondary  stresses; 

7. — The  efficacy  of  the  three-faced  joints  in  the  lower  chord  (Fig.  6); 
which  were  provided  in  order  to  produce  a  hinge  action  at  the  panel 
points  during  erection  and  to  concentrate  a  larger  part  of  the 
direct  stress  in  the  middle  third  of  the  cross-section,  it  having  been 
demonstrated  that  this  novel  splicing  feature  has  accomplished  the 
desired  objects,  thereby  reducing  the  secondary  and  direct  stresses 
in  the  outer  fibers; 
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8. — The  re-distribution  of  stresses  and  the  release  of  secondary 
strains  at  a  splice  during-  the  replacing  of  drift-pins  by  rivets; 

9. — The  comparative  freedom  of  the  arch  truss  from  secondary 
stresses;  and 

10. — The  final  extreme  fiber  stresses  as  compared  with  the  calculated 
values. 

Special  acknowledgment  is  due  to  Gustav  Lindenthal,  M.  Am.  Soc. 
C.  E.,  the  Chief  Engineer  of  the  bridge,  who  undertook  to  make  these 
measurements  in  furtherance  of  engineering  science. 


Resume  of  Previously  Published  Stress  Measurements. 

Since  the  early  days  of  bridge  building,  when  empirical  methods 
of  design  prevailed,  theoretical  analysis  has  made  rapid  advances, 
and  has  now  far  outstripped  experimental  verification.  There  is  a 
growing  movement,  however,  as  shown  by  the  modern  testing  of 
large  compression  members,  and  in  load  tests  and  strain  measurements 
on  bridges,  to  supplement  the  results  of  analysis  with  experimental 
observation  in  order  to  confirm  or  correct  the  former,  or  to  reveal 
unsuspected  conditions. 

The  first  measurements  of  the  actual  stresses  in  trusses  were  made 
by  Professor  Frankel*  in  1883.  He  applied  his  extensometer  to  the 
experimental  determination  of  secondary  stresses,  and  his  results  pro- 
duced such  uneasiness  among  German  engineers  that  some  of  them 
abandoned  the  riveted  truss  in  favor  of  pin  connections. 

In  1899  Mesnager  published  an  account  of  the  measurement  of 
stresses  in  a  bridge  of  180  ft.  span,  on  the  Orleans  Railway  in  France, 
with  a  discussionf  of  the  results.  It  was  a  ten-panel,  Pratt  truss 
bridge  carrying  a  single  track.  The  stresses  were  measured  only  in 
the  web  members,  and  for  a  train  load  of  two  locomotives  and  four 
cars,  covering  the  entire  span.  The  extensometers,  devised  by  M. 
Rabut,  were  applied  at  four  points  of  the  cross-section  near  each  end 
of  a  member.  The  results  showed  the  average  stresses  in  the  members 
to  be  in  fair  agreement  with  the  calculated  primary  stresses.  There 
were  considerable  differences,  however,  between  the  stresses  on  opposite 
sides  of  a  member.  In  the  posts,  secondary  stresses  were  found 
amounting  to  200%  of  the  direct  stress,  involving  a  complete  reversal 


•  Versuche  mit  dem  Dehnungszeichner",  Der  Civilivgenieur,  1883. 
t  "Les  Fatigues  Reelles  et  Fatigues  Calculees  dans  un  Pont  a  Grandes  Mailles", 
Annales  des  Fonts  et  Chauss^cs,  1899,  II. 


STRESS   MEASUREMENTS,    HELL   GATE    ARCH   BRIDGE  1043 

of  stress  on  one  side  of  the  member.  In  the  diagonals  the  greatest 
secondary  stresses  were  45%  of  the  direct  stress.  The  foregoing  large 
secondary  stresses  do  not  form  the  basis  for  any  general  conclusions,  as 
they  were  mainly  due  to  peculiarities  in  the  design  of  the  structure. 

Mesnager  did  not  undertake  a  computation  of  the  secondary 
stresses  in  the  test  bridge,  so  that  no  comparison  of  actual  with  calcu- 
lated values  is  afforded. 

In  1901  M.  Rabut  described*  a  series  of  stress  measurements  which 
had  been  made  on  the  bridges  of  the  Orleans  Hallway.  The  experi- 
ments covered  small  plate-girder  and  pony-truss  spans.  In  some  plate 
girders,  in  reference  to  which  apprehension  had  been  aroused  by  ex- 
cessive calculated  stresses,  the  measured  stresses  were  found  to  be 
considerably  lower.  Plate  girders  supporting  longitudinal  ties  and 
rails  were  found  to  act  as  beams  with  fixed  ends,  with  a  large  reduction 
of  stress  at  the  center,  and  reversed  stresses  at  the  ends.  In  pony 
trusses,  secondary  stresses  as  high  as  30%  appeared  on  the  outside 
of  the  top  chords,  caused  by  the  trusses  bending  inward  near  the 
center  of  the  bridge  as  a  result  of  the  floor-beam  deflections.  The 
bottom  chords  of  through  bridges  showed  smaller  stresses  than  the 
top  chords,  on  account  of  the  former  being  partly  relieved  by  the 
stringers  and  the  bottom  laterals  taking  part  in  the  elongation.  All 
floor-beams  were  found  to  act  nearly  as  simple  beams,  the  end  constraint 
being  negligible.  Stringers  acted  as  simple  beams  for  a  load  on  one 
side  of  the  floor-beam,  and  as  beams  with  fixed  ends  for  symmetrical 
loading. 

The  results  of  these  experiments  demonstrated  the  necessity  of 
detailing  stringers  for  full  negative  bending  moments  where  they 
frame  into  floor-beams;  the  desiralulity  of  using  deep  stringers  to 
avoid  high  torsional  stresses  in  the  floor-beams  from  one-sided  load- 
ing; and  the  importance  of  using  deep  floor-beams  and  verticals  com- 
paratively slender  in  the  transverse  direction  in  order  to  minimize 
the  bending  stresses  arising  from  the  floor-beam  deflections. 

In  1905  and  1906,  W.  Gehler  conducted  a  series  of  tests  and 
measurementsf  on  a  railway  bridge  of  128  ft.  span  at  Elsterwerda, 
Saxony.    It  was  a  ten-panel,  Pratt  truss,  skew-bridge;  and  the  loading 

*  "Conference  sur  I'Experimentation  des  Fonts",  Annales  des  Fonts  et  Chaussees, 
1901,  III. 

t  "Nebenspannungen  eiserner  Fachwerkbrucken",  Berlin,  1910. 
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consisted  of  two  tank  cars  placed  near  the  middle  of  the  span.  The 
vertical  deflections  at  the  lower  panel  points  were  measured  with 
Frankel-Leuner  deflectometers,  and  the  rotation  angles  of  the  same 
points  were  observed  with  extreme  care  by  using  highly  sensitive 
spirit  levels.  The  measurements  agreed  closely  with  the  values 
previously  calculated,  except  for  some  small  variations  which  were 
traced  to  the  stiffness  of  the  track  and  the  effect  of  the  skew  arrange- 
ment of  the  trusses.  The  results,  on  the  whole,  afforded  a  valuable 
proof  of  the  remarkably  close  agreement  attainable  between  theoretical 
computations   and   actual   conditions   in   a    bridge   structure. 

Gehler  had  computed  the  secondary  stresses  in  the  trusses  from  the 
theoretical  vertical  and  angular  deflections  of  the  lower  panel  points; 
and  he  regarded  this  check  on  these  deflections  as  a  verification  of 
the  calculated  secondary  stresses.  He  recommends  this  procedure  as 
an  experimental  method  for  determining  the  actual  secondary  stresses 
in  a  truss. 

To  make  the  foregoing  investigation  complete,  some  direct  stress 
measurements  were  made  with  Frankel-Leuner  extensometers,*  which 
give  automatic  graphic  records  of  the  varying  stresses.  On  account 
of  the  unsatisfactory  precision  of  these  instruments,  the  results  were 
so  erratic  that  Gehler  concluded  that  extensometers  are  not  suitable 
for  the  measurement  of  secondary  stresses. 

In  1907-09  a  sub-committee  of  the  American  Railway  Engineering 
Association,  consisting  of  F.  E.  Turneaure,  M.  Am.  Soc.  C.  E.,  C.  L. 
Crandall,  M.  Am.  Soc.  C.  E.,  the  late  C.  H.  Cartlidge,  M.  Am. 
Soc.  C.  E.,  and  the  late  C.  C.  Schneider,  Past-President,  Am.  Soc. 
C.  E.,  conducted  a  series  of  tests  on  a  large  number  of  plate-girder 
and  truss  bridges,  ranging  in  span  from  30  to  440  ft.  They  used 
special  test  trains,  and  measured  the  deflection  at  the  center  of  the 
span  and  the  strains  in  the  various  kinds  of  members.  The  object 
of  the  tests  was,  not  to  determine  secondary  stresses,  nor  to  compare 
calculated  and  measured  primary  stresses,  but  to  ascertain  the  relative 
amounts  of  the  resulting  deflections  and  strains  for  various  speeds 
of  the  moving  loads,  in  order  to  establisli  the  proper  provision  to  be 
made  for  impact  stresses.  The  results  and  conclusions  are  contained 
in  the  report  of  the  Committee.f 

*  Der  Civilingenieur ,  1882,  p.  200. 

t  Bulletin  No.  125,  Am.  Ry.  Eng.  Assoc,  July,  1910. 
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In  1911  the  Sub-Committee  of  the  American  Railway  Engineering 
Association  made  a  theoretical  and  experimental  study  of  secondary 
stresses  in  truss  bridges.  In  several  bridges,  of  both  riveted  and  pin- 
connected  types,  the  secondary  stresses  at  selected  points  were 
measured  with  extensometers.  In  the  case  of  a  105-ft.  pony  Warren 
truss,  a  comparison  was  made  of  the  calculated  and  measured  secondary 
stresses  in  the  members.  The  results  are  published  in  the  report* 
of  the  Committee. 

With  the  exception  of  the  105-ft.  span  last  mentioned,  the  writer 
knows  of  no  published  comparison  between  measured  and  calculated 
secondary   stresses. 

Gehler's  work  was  only  a  partial  check  on  the  calculations  of 
secondary  stresses,  as  he  merely  measured  functions,  namely,  panel 
point  deflections  and  rotations,  from  which  the  actual  secondary 
stresses  had  to  be  computed. 

All  the  published  stress  measurements  were  made  for  loads  on 
existing  structures.  They  afford  no  information  as  to  the  strains 
produced  by  dead  load  or  the  effect  of  the  erection  on  the  secondary 
stresses. 

None  of  the  published  measurements  was  made  on  indeterminate 
structures  or  on  any  structure  exceeding  440  ft.  in  span. 

Reasons  for  Taking  the  Measurements. 

The  magnitude  of  the  Hell  Gate  Arch  Bridge  and  its  unusual 
structural  features  suggested  to  Mr.  Lindenthal  the  desirability  of 
utilizing  the  structure  for  scientific  research.  By  preparing  the 
members  for  extensometer  measurements  and  taking  initial  readings 
before  erection,  the  huge  arch  was  converted  into  an  instrument  for 
the  experimental  study  of  the  true  stress  conditions  in  a  structure. 

The  trusses  of  the  bridge  are  doubly  indeterminate:  they  are  two- 
hinged  arches,  and  they  have  redundant  diagonals  in  the  center  panel. 
It  has  often  been  advanced,  as  an  objection  to  the  use  of  indeter- 
minate bridge  types,  that  the  computations  are  highly  theoretical  and 
the  actual  stress  conditions  are  uncertain.  It  is  hardly  necessary  to 
remark  that  this  argument  should  have  little  weight  under  modern 
methods  of  design  and  construction.  As  an  answer  to  such  objections 
in  the  future,  it  appeared  to  be  of  interest  to  demonstrate,  by  measure- 
*  BuUetin  No.  163,  January,  1914.         ,   ,-,.  :;■,.',..,     ,,  ^ar 
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ment,  the  identity  of  calculated  and  actual  stresses  in  the  finished 
structure. 

Another  possible  purpose  of  extensometer  measurements  is  to 
supply  an  added  safeguard  for  a  structure  during  erection  by  measur- 
ing the  stresses  at  critical  points.  The  stresses  in  the  various  mem- 
bers of  the  arch  and  in  the  back-stays  were  measured  in  the  successive 
stages  as  the  trusses  were  built  out  from  shore,  panel  by  panel,  to 
their  junction  at  mid-span.  When  any  of  the  stresses  were  nearing 
their  maximum  values,  they  were  closely  watched  until  the  critical 
stage  was  passed. 

In  one  instance,  one  of  the  eye-bars  in  the  forward  stay  was 
found  to  have  a  stress  55%  higher  than  the  average  stress  in  the 
group  of  eye-bars.  This  appeared  in  an  early  stage  of  the  erection, 
when  the  stresses  were  low.  As  the  erection  progressed,  however, 
and  as  was  to  be  expected,  the  difference  in  stress  gradually  diminished 
until,  in  the  last  stage,  all  the  eye-bars  were  found  to  be  uniformly 
strained  to  nearly  20  000  lb.  per  sq.  in. 

Another  application  of  the  extensometer  was  to  provide  a  check 
in  some  of  the  critical  operations  in  the  erection  of  the  structure. 
After  seven  panels  had  been  erected,  the  hydraulic  jacks  at  the  tops 
of  the  erection  towers  were  operated  to  put  the  forward  stay  in  tension 
and  release  the  lower  stay.  The  completion  of  this  operation  was 
checked  by  measurements  of  the  stresses  in  both  stays.  When  this 
jacking  was  performed  on  the  Wards  Island  side,  a  small  compres- 
sion was  found  in  the  lower  stay,  indicating  that  the  jacking  had 
gone  too  far;  the  jacks  were  then  lowered  slightly  until  the  stress 
was  reduced  to  zero. 

After  the  trusses  met  at  mid-span,  the  lowering  of  the  jacks  to 
close  the  arch  was  closely  followed  by  measurement  of  the  diminishing 
stress  in  the  forward  stay.  Measurements  were  also  made  in  the 
central  chord  member,  in  order  to  make  sure  that  there  was  no 
eccentricity  of  bearing  at  the  junction  of  the  two  half-arches. 

The  final  operation  consisted  in  closing  the  top  chord  at  the  crown 
in  order  to  convert  the  structure  into  a  two-hinged  arch.  A  large 
bolt,  connecting  across  the  joint,  was  provided  in  order  to  hold  the 
members  together  until  the  drilling  of  holes  and  riveting  could  be 
completed.  This  bolt  had  to  be  adjusted,  by  a  set  of  nuts,  to  an 
initial  condition  corresponding  to  zero  stress  at  60°  Fahr.     The  exten- 
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someter  was  used  to  control  this  operation  and  to  check  the  subsequent 
stresses  in  the  top-chord  member. 

The  final  object  of  the  extensometer  measurements  was  to  pro- 
vide a  comparison  between  the  calculated  and  the  actual  secondary 
stresses  in  the  structure.  In  addition  to  the  general  scientific  value 
of  such  a  comparison,  there  were  special  conditions  which  called  for 
a  determination  of  the  true  stresses.  These  conditions  were  the  can- 
tilever method  of  erection,  the  use  of  drift-pins  for  temporary  con- 
nection and  their  subsequent  replacement  by  rivets,  the  three-faced 
butt-joints  in  the  lower  chord,  and  the  unprecedented  dimensions  and 
form  of  cross-section.  These  features,  separately  and  combined,  modify 
the  secondary  stresses  materially,  and  render  it  extremely  difficult,  if 
not  impossible,  to  arrive  at  the  true  secondary  stresses  by  calculation. 

The  Instrument  and  the  Method  of  its  Operation. 

The  instrument  used  for  the  stress  measurements  on  the  Hell  Gate 
Arch  Bridge  (Fig.  1)  was  a  20-in.  strain  gauge,  designed  by  Mr. 
James  E.  Howard.  This  instrument  is  essentially  a  micrometer  caliper. 
The  measuring  points,  made  of  hard  steel  and  conical  in  form,  are 
attached  to  the  barrel  and  the  rod,  respectively ;  and  the  distance 
between  the  two  points  is  measured  by  a  micrometer  contact  screw 
at  one  end  of  the  barrel.  This  screw  reads,  by  a  circumferential 
vernier,  to  0.0001  in.  It  is  provided  with  two  milled  heads  having 
a  spring  ratchet  between  them  which  slips  when  contact  is  made. 
Some  operators  prefer  to  use  the  inside  milled  head,  relying  on  their 
sensitiveness  of  touch  to  detect  the  instant  of  contact;  others  use 
the  outside  or  ratchet  head.  The  barrel  of  the  instrument  is  covered 
with  leather  for  mechanical  and  thermal  protection. 

Accompanying  the  instrument  is  a  rectangular  steel  bar  used  as 
a  reference  or  comparison  bar  (Fig.  2).  It  is  provided  with  two 
center  holes  or  gauge  points  20  in.  apart.  Whenever -a  reading  is 
taken  on  the  member,  a  comparison  reading  is  taken  on  the  bar;  the 
difference  between  these  two  readings  is  the  measurement.  This 
method  of  operation  eliminates  the  effects  of  personal  equation,  as 
the  same  observer  takes  the  readings  on  the  bar  and  on  the  member. 
It  also  dispenses  with  the  necessity  of  knowing  the  temperature  of 
the  instrument,  as  the  unknown  effect  of  this  temperature  is  eliminated 
in  subtracting  the  member  reading  from  the  bar  reading. 
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No  expansion  correction  is  necessary  if  the  reference  bar  and  the 
member  have  the  same  temperature;  and,  for  this  reason,  the  bar 
is  allowed  to  rest  on  the  member  in  order  to  equalize  the  temperatures 
before  the  extensometer  is  applied.  Nevertheless,  two  thermometers 
are  provided,  one  permanently  inserted  in  the  face  of  the  reference 
bar  and  the  other  to  be  placed  between  the  gauge  points  on  the  member 
being  measured.  When  the  measurement  is  taken,  the  two  thermometer 
readings  are  observed  and  recorded,  so  that  a  correction  may  be 
made  for  any  difference  between  them. 

There  is  also  furnished  with  the  instrument  a  steel  trammel  bar 
(Tig.  3)  holding  two  prick  punches  20  in.  apart.  This  is  used  for 
laying  out  the  holes  in  the  members  to  be  tested. 

The  holes  in  the  steel  are  drilled  with  a  hand  ratchet  drill  provided 
with  combination  bits,  consisting  of  drill  and  countersink.  The  size 
of  the  drill  is  No.  57,  and  the  countersink  is  60  degrees.  After  drilling 
a  hole,  the  edge  between  the  countersink  and  cylindrical  shaft  is 
removed  with  a  center  punch  which  has  been  ground  to  an  included 
angle  of  55  degrees.  With  the  tap  of  a  hammer,  the  pvmch  leaves 
a  small  conical  seat  to  receive  the  measuring  points  of  the  extensometer 
which  are  also  ground  to  55  degrees.  This  special  form  of  recessed 
gauge  mark,  with  its  combination  of  three  surfaces,  has  a  number 
of  advantages :  The  extreme  tips  of  the  measuring  points  are  not 
used,  thus  eliminating  the  errors  which  would  result  from  the  un- 
avoidable wear  of  these  tips;  the  contact  is  on  an  area,  instead  of  a 
point  or  line,  thereby  reducing  the  wear  of  the  measuring  points 
and  the  errors  from  compression  of  the  bearing  surface;  the  bearing 
area  is  depressed  below  the  surface  of  the  steel,  so  that  it  is  better 
protected  from  surface  dirt  and  mechanical  injury.  The  60°  counter- 
sink helps  in  guiding  the  measuring  points  to  their  seat.  The  cylin- 
drical shaft  will  hold  small  particles  of  dust  or  grit  remaining  at  the 
bottom  of  the  hole  without  interfering  with  the  precision  of  the 
measurement. 

Oil,  vaseline,  or  ivory  black  paint  are  used  for  protecting,  filling, 
or  covering  the  holes,  depending  on  the  interval  between  successive 
measurements.  A  pointed  aluminum  rod,  a  small  cedarwood  stick, 
and  some  absorbent  cotton  are  used  for  cleaning  the  holes  before 
taking  any  readings. 


Pig.   1. — Howard  Extensometer. 


Fig.   2. — Comparison  Bar. 


Fig.  3. — Trammel  Bar. 
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For  the  best  operation  of  the  instrument,  two  men  are  required: 
one  to  set  the  measuring  points  in  the  holes  and  hold  the  instrument 
square  against  the  member;  the  other  to  operate  the  micrometer  and 
take  the  readings. 

The  Howard  strain  gauge  is  probably  the  simplest  and  most  accu- 
rate field  instrument  for  measuring  strains.  It  is  free  from  the  inertia 
and  vibration  errors  which  are  inherent  in  automatic  and  recording 
types  of  extensometers ;  but  it  requires  careful  and  experienced 
observers  to  attain  the  full  degree  of  precision  alforded  by  the  instru- 
ment. Unless  the  readings  are  checked  and  all  necessary  precautions 
are  observed,  the  apparent  precision  of  the  readings  to  0.0001  in. 
will  be  illusory,  and  the  measurements  will  be  worthless. 

Without  mentioning  all  the  precautions,  most  of  which  will  readily 
suggest  themselves  to  any  one  who  has  worked  with  instruments  of 
precision,  it  may  be  stated  in  general  that  in  order  to  get  good  results 
from  the  measurements,  everything  depends  on  the  cleanliness  of 
the  holes,  the  proper  placing  of  the  strain  gauge,  the  careful  opera- 
tion of  the  micrometer  head,  and  due  regard  to  temperature  conditions. 

Application  to  the  Hell  Gate  Arch. 

In  the  Hell  Gate  Arch,  the  lower  chords  present  the  most  interesting 
problems  in  stress  distribution.  Moreover,  they  are  the  most  important 
members,  carrying  nearly  all  the  dead  load  and  live  load  covering 
the  whole  span.  For  this  reason,  together  with  the  restricted  time 
afforded  between  erection  stages  to  take  more  stress  measurements, 
it  was  decided  to  confine  the  observations,  in  general,  to  the  lower 
chord  members. 

As  the  half-arches  were  cantilevered  out  from  shore,  the  suc- 
cessive erection  stages  were  designated  by  numbers.  The  first  six 
panels  were  built  out  with  the  lower  stay  acting,  and  the  correspond- 
ing erection  stages  are  numbered  "One"  to  "Six",  respectively.  The 
transfer  of  the  load  to  the  upper  stay  produced  the  condition  called 
Stage  "Seven",  and  the  erection  of  the  seventh  to  the  eleventh  panels 
constituted  Stages  "Eight"  to  "Twelve",  respectively.  (Plate  XLIV.) 
The  joining  of  the  two  half-arches  at  mid-span  and  the  release  of  the 
back-stays  brought  the  trusses  to  the  three-hinged  condition,  which 
was  designated  as  "Stage  S-H."  Then  followed  the  erection  of  the 
hangers,   floor-beams,   stringers,   floor,   and   track,   and   the  closing   of 
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the  crown-hinge,  bringing  the  arch   to   the   final   or  two-hinged   con- 
dition known  as  ''Stage  2-H." 

To  secure  full  information  as  to  the  distribution  of  stress  in 
any  member,  it  is  necessary  to  take  measurements  at  not  less  than 
three,  and  preferably  four,  points  of  the  cross-section  near  each  end 
of  the  member.  The  intensity  of  stress  at  any  other  point  of  the 
member  can  then  be  found  by  planar  and  linear  interpolation. 

The  low^er  chords  of  the 
Hell  Gate  Arch  have  a  double 
rectangular  section  (Fig.  4), 
consisting  of  two  compart- 
ments separated  by  a  horizon- 
tal diaphragm.  On  account  of 
the  mass  of  metal  concentrated 
at  and  near  this  diaphragm, 
measurements  at  the  four  ex- 
treme corners  of  the  section 
would  not  be  fairly  representa- 
tive of  the  conditions  through- 
out the  entire  area.  Any  dif- 
ference of  temperature  be- 
tween the  horizontal  dia- 
phragm and  the  outside  webs 
tends  to  produce  internal 
stresses  in  the  member,  result- 
ing in  a  difference  between  the 
stress  in  the  diaphragm  and 
the  average  stress  throughout 
the  rest  of  the  cross-section. 
Furthermore,  the  beveling  of 
the  outer  thirds  of  the  webs  (Fig.  6),  produces  a  concentration  of  stress 
in  the  middle  third  of  the  joint.  For  these  reasons  it  was  judged  neces- 
sary to  take  six  readings  at  each  cross-section,  instead  of  four ;  the  two 
additional  readings  being  taken  at  mid-height  in  the  vertical  webs, 
as  indicated  in  Fig.  4. 

The  large  dimensions  of  the  chord  sections  permitted  all  the 
measurements  to  be  taken  on  the  inside  of  the  members.  This 
afforded  better  protection  for  the  gauge  points  from  rain  and  dirt. 


Section  taken 
looking  toward  center  of  span 

Fig.  4. 
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PLATE  XLIV. 

TRANS.  AM.  SOC.  CIV.   ENGRS. 

VOL.  LXXXII,  No.  1418. 

STEINMAN  ON 

STRESS    MEASUREMENTS. 

HELL  GATE  ARCH  BRIDGE. 

NOTES 

AD  Primary  Stresses  are  compression,  and  are  giv«n  in 
pounds  per  square  IdcIl 

All  Seeondary  Stresses  are  elcher  tension  or  con^ression, 
representing  equal  values  of  opposite  signJnthe  top  and  bottom 
fibers  of  a  se&tion. 

All  Secondary  Stresses  are  given  in  percentages  of  the  cop- 
responding  Primary  Stresses. 

Each  Calculated  Primary  Stress  is  calculated  for  the  actual 
vy-eight  and  condition  of  structure  and  travelers  at  the  time  the 
corresponding  stress  was  measured. 

Each  Measured  Primary  'Stress  is  the  average  of  twelve 
strain  mcasuremenis,  six  points  being  observed  at  ea<ih  end 
of  each  member. 

Each  Calculated  Secondary  Stress  is  fhe  larger  of  the  two 
secondary  stresses  calculated  tor  the  two  ends  of  each  member 
In  each  erection  stage. 

Each  Measured  Secondary  Stress  is  the  larger  of  the  two 
secondary  stresses  found  for  tlie  two  ends  of  each  member  in 
each  erection  stage,  fhe  secondary  stress  at  each  end  being  ob- 
tained as  one-half  the  difference  between  the  average  stresses 
in  the  top  and  bottom  fitei-s  of  fhe  cross-section- 

Eor  Stage  3-H,  the  Calculated  Secondary  Stresses  -w-ere  flg. 
ured  for  the  Theoretical  stage  with  no  floor-beams  or  hangers 
erected. 

As  the  field  measurements  were-taken  during  the  eceGtlcrn 
of  floor-beams  and  hangereiwith  varying  positions  of  nie-eieM- 
ion  travelers,  the  Measured  Seeondary  Stresses  for  fliis  stage 
are  not  properly  comparable  with  the  Calculated  Secondary 
Stresses  and  are  therefore  omitted  from  tlie  tabulation. 


EXTENSOMETER  MEASUREMENTS 

OF 

STRESSES  IN  BOTTOM-CHORD 

MEMBERS  OF  HELL  GATE 

ARCH  BRIDGE. 
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Incidentally,  it  secured  better  protection  for  the  observers  from  falling 
drift-pins  and  rivets. 

The  gauge  points  were  drilled  and  the  initial  readings  taken  while 
the  members  were  still  on  the  dock  or  on  the  car-floats.  The  points 
were  located  in  the  vertical  legs  of  the  8  by  8-in.  flange  angles  connect- 
ing the  vertical  and  horizontal  webs,  and  as  near  the  panel  points 
as  possible,  but  not  within  gusset  or  splice-plates.  There  were  thus 
twelve  gauge  points  in  each  member,  each  gauge  point  consisting  of 
two  holes  20  in.  apart.  The  exact  location  of  each  gauge  point  was 
noted   for   permanent  record. 

For  designation,  the  gauge  points  were  numbered  from  1  to  6 
at  each  section,  and  to  these  figures  was  prefixed  the  number  of  the 
member.  Thus,  "hole  681"  denotes  the  upper,  left-hand  gauge  point 
near  panel  point  6  of  member  6-8;  similarly,  "hole  864"  denotes 
the  upper  right-hand  gauge  point  (No.  4)  near  panel  point  8  of  the 
same  member. 

The  number  of  the  hole  and  that  of  the  erection  stage  thus 
suffice  to  identify  any  extensometer  reading. 

Because  of  the  more  rapid  erection  on  the  Wards  Island  side, 
one  half-truss  on  that  side  had  to  be  omitted  from  the  programme  of 
measurements.  The  remaining  three  sets  of  measurements,  however, 
are  sufficient  to  furnish  information  as  to  any  variations  from  the 
symmetrical  disposition  of  stresses  about  the  longitudinal  and  trans- 
verse ce'nter  lines  of  the  bridge. 

There  were  thus  twelve  pairs  of  holes  in  each  of  thirty-five  chord 
members  to  be  drilled;  and  stress  readings  were  to  be  taken  at  these 
points  in  fourteen  different  stages.  This  meant  a  total  of  more 
than  3  000  extensometer  measurements  in  the  regular  schedule,  be- 
sides special  measurements  in  the  back-stays  and  the  eye-bar  connection 
links.  .J 

In  some  of  the  later  stages,  time  did  not  permit  all  the  chord 
stresses  to  be  measured;  and,  therefore,  alternate  members  were 
omitted. 

On  account  of  the  difficulty  of  traveling  through  the  members 
with  the  instruments,  involving  crawling  through  numerous  dia- 
phragm holes,  much  time  was  consumed  in  going  to  and  from  the 
points  of  measurement.  Consequently,  it  was  seldom  possible  to 
measure  more  than  two  members  in  a  day. 
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TABLE  1. — Typical  Field  Eecord  Sheet. 
Eecord  of  Extensometer  Readings  at  Hell  Gate  Arch  Bridge. 

Location :  Long  Island  End,  Member  0-2,  South  Truss,  and  Member  2-4, 

North  Truss. 
Date:  Sept.  15,  1915.    Time:  8.30  a.  m.  to  4.15  p.  m.    Weather:  Clear. 
Observers :  O.  H.  S.  Koch  and  A.  V.  O'Donnell. 
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Degrees  Fahr. 
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South  Truss,  Member  0-2. 


2025 

78.5 

78 

9983 

2026 

80 

78 

9978 

2(»27 

80 

78.5 

9977 

202S 

80 

79.5 

9977 

2029 

81 

78 

9978 

2030 

81 

79 

9978 

2031 

82 

80 

9978 

2032 

82 

80 

9978 

2033 

83 

81 

9981 

2034 

83 

79.5 

9980 

203.5 

83 

80 

9980 

2036 

84 

83.5 

84 

9980 

9877 
9850 
9855 
0139 
9898 
9935 
9739 
9878 
9896 
9966 
9892 
9930 


—0106 
—0128 
—0122 
4-0163 
—0080 
—0043 
—0239 
—0100 
—0085 
—0014 
—0088 
—0050 


—0105 
—0125 
—0120 
-f-0163 
—0076 
— (i040 
—0236 
—0097 
—0082 
—0009 
—0084 
—0051 


19.9895 
19.9875 
19.9880 
20.0163 
19.9924 
19.9960 
19.9764 
19.9903 
19.9918 
19.9991 
19.9916 
19.9949 


025 
024 
021 
022 
205 
204 
201 
202 
023 
026 
206 
203 


North  Truss,  Member  2-4. 


2037 

85.5 

83 

9982 

9952 

-0030 

-0037 

19.9973 

245 

2038 

85.5 

87 

9982 

9975 

—0007 

-0(09 

19.9991 

244 

2039 

86 

86 

9982 

9995 

-f0013 

-1-0013 

20.0013 

243 

2040 

86 

88 

9981 

9950 

—0031 

—0034 

19.9966* 

241 

2041 

86.5 

85.5 

9982 

9990 

+0008 

-f-0009 

20.0009 

422 

2042 

86.5 

89 

9981 

9919 

-0062 

—0065 

19.9935 

421 

2043 

87 

83.5 

9981 

0013 

-1-0033 

+0037 

20.0037 

425 

2044 

87 

87.5 

9981 

0340 

-1-0359 

+0358 

20.0358 

434 

2045 

87 

86 

9983 

9991 

-fOOOH 

+0009 

20.0009 

246 

2046 

87 

90.5 

9982 

0045 

+0063 

+0058 

30.0058 

343 

2047 

87.5 

87 

9981 

9974 

—0007 

— 0W!6 

19.9994 

423 

2048 

86 

87.5 

86 

9981 

0008 

+0037 

+0029 

20.0029 

426 

Notes. — No.  =  serial  number  of  observation.  Under  temperature  :  air  =  atmospheric 
temp.,  bar  =  temp,  of  std.  reference  bar,  member  =  temp,  of  member  or  metal.  Under 
reading :  bar  =  strain  gauge  measurement  of  std.  reference  bar,  member  =  strain  gauge 
measurement  of  member  or  metal. 

Remarks. — Erection  Stage  No.  10,  traveler  still  at  15-17.   Wind  :  southwest,  mild. 

Signed,     Otto  H.  S.  Koch. 

Table  1  shows  a  typical  field-ofSce  record  sheet.  It  also  serves 
to  indicate  the  arrangement  in  the  field  notebook,  as  the  record 
sheet  is  practically  a  typewritten  copy  of  the  field  entries. 

From  the  record  sheets  the  measurements  were  entered  and  com- 
puted on  office  cards,  illustrated  by  Tables  2,  3,  and  4.  One  of  these 
cards   was  provided   for   each  member,   with   spaces   for   entering   the 
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observed  strains  in  each  erection  stage.  Following  the  numbers  or 
marks  of  the  gauge  points  there  is  a  column  headed  "Initial"  in 
which  are  recorded  the  lengths  between  gauge  points  before  the  ' 
member  is  stressed.  The  standard  length  of  20  in.  is  understood  to 
be  added  to  each  of  these  figures.  In  the  remaining  columns  the 
figures  denote  the  actual  strain,  that  is  the  increase  or  decrease  from 
the  initial  gauge  length  for  the  diiferent  erection  stages.  Each  unit 
of  strain  (0.0001  in.)  represents  a  fiber  stress  of  150  lb.  per  sq.  in.; 
hence  the  sum  of  the  six  strains  at  a  section,  multiplied  by  25,  gives 
the  average  unit  stress  in  the  member.  The  calculated  stresses,  in- 
serted for  comparison  with  the  measured  stresses,  were  computed 
from  the  shipping  weights  of  the  erected  members,  with  an  allowance 
for  erection  material. 

1-3  The  extreme  strain  readings  observed  for  each  member,  multi- 
plied  by  150,  give  the  minimum  and  maximum  fiber  stresses  in  the 
member. 

From  the  cards  the  summary  table  (Plate  XLIV)  was  compiled, 
giving  a  comparison  of  the  calculated  and  the  observed  stresses  in  the 
various  erection  stages. 

^  The  secondary  stresses  were  computed  from  the  strain  measure- 
ments, as  follows :  The  average  of  the  observed  strains  in  Holes 
1  and  4  at  any  section  gave  the  upper  fiber  stress;  the  average  for 
Holes  3  and  6  gave  the  bottom  fiber  stress;  one-half  the  difference 
between  these  two  extreme  fiber  stresses  gave  the  secondary  stress. 
This  result  divided  by  the  average  stress  in  the  member  gave  the 
secondary  stress  as  a  percentage  of  the  primary  stress. 

Eesults  of  the  Stress  Measurements. 

A  tabulation  of  the  results  of  the  stress  measurements  on  the 
Hell  Gate  Arch  during  erection  is  shown  on  Plate  XLIV.  The  notes 
and  data  on  that  plate  render  it  self-explanatory. 

The  results  of  the  observations  have  been  studied  from  various 
angles,  in  order  to  determine  the  following  relations: 

1. — Comparison  of  the  measured  average  stresses  at  the  two  ends 
of  each  member,  as  an  index  of  the  precision  of  the  method; 

2. — Comparison  of  measured  with  calculated  primary  stresses; 

3. — Comparison  of  extreme  secondary  stresses  with  primary 
stresses,  in  order  to  establish  empirical  relations  between  the  two; 
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TABLE  3. — Typical  Office  Record  Card. 

EXTENSOMETER  MEASUREMENTS  OP  ERECTION  STRESSES,  HeLL  GaTE  ArCH. 

Long  Island  End.     North  Truss.     Member  2-4. 
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—  3  520 

..  -2000 
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- 
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—  1350 

. .  —    150 

—    7.50 

-4  200 

- 
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-2  700 
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—  5100 

..  —4650 

—  4  350 

—  7  050 

4. — Comparison  of  calculated  vnth  measured  secondary  stresses, 
in  order  to  ascertain  the  eflfects  of  special  features  of  fabrication  and 
erection  on  these  stresses;  and 

5. — Comparison  of  calculated  with  measured  extreme  fiber  stresses, 
in  order  to  determine  the  resultant  effect  of  all  variations  in  primary 
and  secondary  stress. 

Comparison  of  Measurements  at  the  Two  Ends  of  Each  Member. 

By  averaging  the  six  measurements  near  each  end  of  a  member, 
two  values  are  obtained  for  the  average  intensity  of  stress  in  the 
member.     The  difference  between  these  two  values,  provided  there  is 
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TABLE  4. — Typical  Office  Record  Card. 

EXTENSOMETER  MEASUREMENTS  OF  ERECTION  STRESSES,  HeLL  GaTE  ArCH. 

Wards  Island  End.    North  Truss.    Member  4-6. 
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' 
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-3  354 

-5  300 

11  500 

- 
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-f-  600 
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—  150 

- 

- 

- 

—  3  000 

7  650 

- 
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stress.. . 

—  2100 

-3100 

-3150 

—  4  050 

—  6  600 

—  30  850 

no  inequality  of  respective  cross-sections,  is  an  index  of  the  precision 
of  the  observations.  The  average  value  of  this  difference  for  all  the 
lower  chord  measurements  during  erection  was  140,  and  the  greatest 
value  was  500  lb.  per  sq.  in.  Consequently,  by  the  theory  of  errors, 
the  result  obtained  by  averaging  the  two  end  stresses  has  an  average 
probable  error  of  47  and  a  maximum  probable  error  of  170  lb.  per 
sq.  in. 

The  foregoing  figures  represent  the  combined  effect  of  all  personal 
and  instrumental  errors  in  taking  the  observations.  A  very  small 
error  in  each  of  the  instrumental  readings  will  account  for  these 
results.     Thus,  an  inaccuracy  of  0.0002  in.  in  each  micrometer  reading, 
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and  of  1°  Fahr.  in  each  temperature  reading,  will  produce  the  fore- 
going average  probable  error,  even  if  all  inaccuracies  compensate 
according  to  the  theory  of  probabilities.  A  very  small  fraction  of 
the  same  inaccuracies  will  suffice  to  account  for  the  observed  dis- 
crepancies, if  the  inaccuracies  do  not  compensate  fully  according  to 
the  probability  theory.  As  the  least  reading  of  the  micrometer  is 
0.0001  and  of  the  thermometer  is  1°  Fahr.,  the  results  given  indicate 
that  the  work,  as  a  whole,  was  carefully  executed,  and  that  the  utmost 
precision  afforded  by  the  method  was  actually  attained. 

Another  fact  to  be  observed  is  that  the  magnitude  of  the  diiferences 
between  the  end  measurements  has  no  connection  with  the  magnitude 
of  the  respective  stresses.  This  method  of  measuring  the  stresses 
makes  the  errors  independent  of  the  intensity  of  the  stress.  No 
matter  how  small  the  stress,  the  result,  as  just  shown,  may  be  in 
error  by  as  much  as  170  lb.  per  sq.  in.  These  considerations  indicate 
the  unsuitableness  of  this  method  of  stress  measurement  for  the 
smaller  stresses,  as  the  results  would  be  too  erratic.  Although  the 
stresses  measured  on  the  Hell  Gate  Bridge  ranged  from  -100  to  20  000, 
"the  writer  would  not  recommend  the  use  of  the  extensometer  for 
stresses  of  less  than  1  000  lb.  per  sq.  in. 

The  foregoing  discussion  of  results  does  not  include  the  final  stage 
{2-H).  In  that  stage,  in  the  members  near  the  ends  of  the  span,  the 
upper  end  in  every  case  was  found  to  present  a  larger  average  stress 
than  did  the  lower  end.  The  diiferences  ranged  from  450  to  2  800 
lb.  per  sq.  in.  This  anomalous  result  appears  to  arise  from  some 
unexplained  disturbance  of  stress  distribution,  and  does  not  represent 
any  error  of  observation. 

Comparison  of  Measured  with  Calculated  Stresses. 

A  comparison  of  measured  with  calculated  stresses  discloses  a 
greater  discrepancy  than  is  found  between  the  measurements  at  the 
two  ends  of  a  member.  This  is  due  to  other  factors,  besides  instru- 
mental and  personal  inaccuracies,  entering  into  consideration. 

The  results  of  the  comparison,  including  all  measurements  on 
chords,  eye-bars,  and  back-stays,  are  as  follows : 

For  stresses  in  the  ranges  0-1000,  1000-3  000,  3  000-5  000,  5  000- 
10  000,  and  10  000-20  000,  the  average  percentage  discrepancies  between 
the  calculated  and  measured  stresses  were  50,  17,  13,  8,  and  6%,  respec- 
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tively.  These  percentages  indicate  that  the  method  is  of  little  value  for 
checking  calculated  stresses  of  less  than  1  000  lb.  per  sq.  in.,  but  is  of 
increasing  value  as  the  intensity  of  stress  increases. 

The  average  discrepancies  in  the  foregoing  ranges  were  223,  313, 
498,  525,  and  829  lb.  per  sq.  in.,  respectively,  and  may  be  expressed 
very  closely  by  the  formula, 

Average     discrepancy     between  ) 

,     ,       ,        ,  ■,  r  =  5%  of  the  stress  +  200. 

calculated  and  measured  stress  ) 

The  greatest  discrepancies  in  the  foregoing  ranges  were  535,  1  045, 
1 285,  1 290,  and  1  740,  respectively,  and  may  be  expressed  approxi- 
mately by  the  formula, 

Maximum  discrepancy  between  ) 

,     ,       ,        ,  ,  r  =  5%  of  the  stress  +  1 000. 

calculated  and  measured  stress  ) 

It  will  be  observed  that  these  formulas  contain  both  a  percentage 
factor  and  an  absolute  term,  indicating  that  the  discrepancy  between 
calculation  and  measurement  is  the  resultant  of  two  groups  of  errors, 
one  dependent  on,  and  the  other  independent  of,  the  magnitude  of 
the  stress. 

The  absolute  term  in  these  formulas  (average  200,  maximum  1  000 
lb.  per  sq.  in.)  may  be  assumed  to  represent  the  actual  inaccuracy 
of  the  measurements,  or  the  total  effect  of  personal,  instrumental,  and 
physical  errors. 

The  most  important  of  the  physical  errors  are  those  due  to  thermal 
effects.  An  error  of  1°  Fahr.  in  determining  the  temperature  of  the 
steel  at  the  point  of  measurement,  or  a  change  of  1°  Fahr.  in  the 
temperature  of  the  instrument  during  any  observation,  produces  an 
error  of  195  lb.  per  sq.  in.  in  the  resulting  stress.  The  first  error 
named  is  not  necessarily  due  to  incorrect  reading  of  the  thermometer, 
but  may  be  caused  by  a  difference  in  temperature  between  the  inside 
and  the  outside  of  the  thick  webs  composing  the  members.  Such 
errors,  as  a  rule,  are  not  compensating;  they  would  naturally  occur 
in  the  same  direction  at  both  ends  of  a  member,  and,  therefore,  would 
not  appear  in  the  difference  between  the  two  end  measurements. 

Other  errors  arise  from  differences  in  temperature  between  dif- 
ferent points  of  the  large  chord  sections.  Thus,  on  a  sunny  day, 
the  outside  webs  and  covers  may  be  hotter  than  the  middle  diaphragm. 
The   resulting   differences   of   expansion   produce    a   redistribution   of 
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the  stress  in  the  cross-section.  Although  the  actual  average  stress 
throughout  the  entire  section  must  remain  unchanged,  the  measured 
average  stress  will  be  affected  by  these  internal  temperature  strains, 
as  the  readings  are  taken  at  a  limited  number  of  points  in  the  cross- 
section. 

It  is  difficult  to  estimate  the  total  probable  error  due  to  these 
effects  of  temperature.  JSTevertheless,  from  a  study  of  the  results 
of  the  measurements,  it  appears  that  the  effect  of  the  combined  tem- 
perature errors,  together  with  any  other  unascertainable  physical 
effects,  is  to  increase  the  probable  error  of  the  stresses,  as  previously 
determined,  from  47  (average)  and  170  (maximum)  to  200  (average) 
and  1000  (maximum). 

The  foregoing  discussion  should  serve  to  emphasize  the  importance 
of  careful  attention  to  temperature  conditions  in  taking  observations; 
and  it  explains  why  cloudy  days  should  be  selected  in  order  to  obtain 
the  most  accurate  results. 

After  deducting  all  personal,  instrumental,  and  temperature  errors, 
represented  by  the  absolute  term  in  these  formulas,  there  still  remains 
a  discrepancy  between  the  calculated  and  the  measured  stresses  repre- 
sented by  the  percentage  term  (5%).  This  covers  all  percentage  errors 
in  the  measured  and  the  calculated  stresses,  that  is,  all  errors  which 
are  proportional  to  the  magnitude  of  the  stress. 

In  the  measured  stresses,  the  only  percentage  error  arises  from 
variations  in  the  value  of  the  modulus  of  elasticity  from  the  assumed 
value  of  30  000  000.  Such  variation  does  not  affect  the  accuracy  of 
the  measurements,  but  simply  the  conversion  of  the  measured  strains 
into  intensities  of  stress.  The  resulting  stress  is  then  affected  by  a 
percentage  error  equal  to  the  percentage  variation  in  the  value  of  E, 
and  this  may  amount  to  ±  3  per  cent. 

In  the  calculated  stresses,  all  errors  are  percentage  errors.  They 
are  caused  principally  by  variations  in  the  loading  and  cross-sections 
from  the  values  assumed.  In  the  assumed  loads  there  is  a  probable 
error  of  about  :±r  3%,  on  account  of  the  uncertainty  in  allowing  for 
the  weight  of  traveler,  track,  rivets,  pins,  staging,  etc.  In  the  cross- 
sections  there  is  a  probable  error  of  ±  2%  on  account  of  the  differ- 
ence between  actual  and  theoretical  sections. 

The  combined  effect  of  the  foregoing  errors  in  assuming  the 
loading,  cross-sections,  and  value  of  ^^.will  account  for  the  percentage 
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term    (=t   5%)   in  the  discrepancy  between   calculated   and  measured 
stresses. 

The  major  part  of  this  discrepancy  of  5%  arises  from  the  errors 
in  the  calculated  stress.  This  demonstrates  the  futility  of  excessive 
refinement  in  the  calculation  of  stresses. 

Comparison  of  Extreme  Secondary  Stresses  with  Primary  Stresses. 

The  object  of  this  comparison  was  to  establish  a  relation  between 
the  average  stresses  and  the  extreme  variations  from  these  averajje 
stresses  in  the  members  of  the  structure.  The  information  derived 
from  such  comparisons  should  be  of  value  in  guiding  the  selection 
and  specification  of  working  stresses  for  bridge  materials.  For  this 
purpose  it  appeared  desirable  to  get  the  extreme  variation  of  fiber  stress 
in  each  member,  without  regard  to  the  cause  or  causes  producing  it. 
Such  secondary  stresses  would  include,  not  only  the  stress  from 
bending  of  the  members  in  the  plane  of  the  truss,  as  usually  computed, 
bat  also  any  horizontal  or  lateral  bending  stresses  from  wind  and 
transverse  strains,  effect  of  shop  inaccuracies,  internal  temperature 
strains,  lack  of  uniformity  of  material,  and  any  other  possible  causes. 

As  a  fair  measure  of  this  extreme  secondary  stress,  including  the 
resultant  effect  of  all  possible  contributing  elements,  the  difference 
was  taken  between  the  average  of  the  twelve  measurements  in  a 
member  and  that  one  of  the  twelve  measurements  departing  most 
widely  from  the  average. 

A  comparison  of  the  secondary  stresses  thus  obtained  with  the 
corresponding  primary  (or  average)  stresses  yielded  the  following 
results : 

For  primary  stresses  in  the  ranges  0-1  000,  1  000-2  000,  2  000-3  000, 
3  000-5  000,  5  000-7  000,  and  7  000-8  000,  the  percentages  of  extreme 
secondary  stress  averaged  268,  148,  71,  59,  37,  and  32,  respectively. 
This  illustrates  the  diminishing  relative  importance  of  secondary 
stresses  with  increasing  primary  stress. 

Although  the  percentages  diminish  in  the  foregoing  series  of  ranges, 
the  absolute  amounts  of  the  secondary  stress  show  a  small  increase, 
averaging  1  580  lb.  per  sq.  in.  in  the  lowest  range  and  2  370  lb.  per 
sq.  in.  in  the  highest  range. 

in  the  one  hundred  cases  represented  in  the  foregoing  results, 
the  greatest  extreme  secondary,  stress  that  appears  is  3  700  lb.  per  sq.  in. 
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Plotting  the  results  with  primary  and  extreme  secondary  stresses, 
respectively,  as  co-ordinates,  nearly  all  the  observations  were  found 
to  be  included  in  a  belt  between  two  lines  having  a  12%  slope.  From 
this  may  be  deduced  the  relation. 

Extreme  secondary  )  .       . 

r  =  12%  01  primary  stress  -|-  A, 
stress  in  a  member  ' 

where  K  varies  from  600  to  2  600,  with  an  average  value  of  1  600  lb. 
per  sq.  in. 

The  form  of  this  expression,  a  percentage  term  plus  an  absolute 
term,  indicates  that  the  measured  secondary  stresses  include  effects 
proportional  to  the  direct  stress  in  the  member  as  well  as  effects 
independent  of  that  stress.  The  latter  effects,  constituting  the  major 
portion  of  the  measured  secondary  stresses,  are  produced  by  such 
causes  as  the  bending  of  a  member  due  to  its  o^vn  weight,  wind  and 
lateral  strains,  internal  temperature  strains,  erection  strains,  etc. 

The  proportional  component  or  percentage  term  in  the  formula 
represents  the  secondary  stresses  resulting  from  the  direct  primary 
strains.  It  amounts  to  only  12%  of  the  primary  stresses  in  the  case 
of  the  Hell  Gate  chords.  It  is  interesting  to  note  that  this  component 
of  the  secondary  stress  is  smaller  than  the  combined  effect  of  the 
other  contributions  which  are  generally  omitted  from  consideration 
in  the  computation  of  secondary  stresses. 

Combining  the  results  of  this  and  the  preceding  comparison,  we 
may  establish  certain  conclusions  for  guidance  in  specifying  extreme 
working  stresses  for  bridge  members.  As  the  maximum  discrepancy 
between  calculated  and  measured  stress  is  5%  +  1 000,  and  as  a 
possible  extreme  value  of  the  secondary  stress  is  12%  +  2  600,  it 
appears  that  the  sum  of  these  two  variations  should  be  left  as  a 
necessary  margin  between  the  elastic  limit  of  the  material  and  the 
maximum  calculated  primary  stress.  As  the  Hell  Gate  chords  had 
certain  special  features  tending  to  reduce  the  secondary  stresses, 
it  is  probable  that  the  12%  factor  is  not  typical,  and  that  about  20% 
would  be  a  better  allowance  for  most  bridges.  Hence,  about  25%  + 
4  000  should  be  deducted  from  the  minimum  elastic  limit  of  the 
material  in  order  to  obtain  the  safe  working  stress  for  bridge  members. 

It  is  recognized,  of  course,  that  a  rule  of  this  form  can  properly 
apply  only  to  structures  in  which  the  secondary  stresses  have  normal 
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or  average  values.     Where  unusually  large  secondaries  may  be  antici- 
pated, these  should  receive  special  investigation  and  attention. 

Comparison  Between  Calculated  and  Measured  Secondary  Stresses. 

In  order  to  be  comparable  with  the  calculated  secondary  stresses 
due  to  bending  of  the  members  in  the  plane  of  the  truss,  the  "meas- 
ured secondary  stresses"  had  to  be  defined  as  one-half  the  difference 
between  the  average  measured  stresses  in  the  top  and  bottom  fibers  of 
the  cross-section.    Any  lateral  variation  in  the  stress  had  to  be  ignored. 

The  "calculated  secondary  stresses"  were  obtained  by  analytical 
methods  for  Stages  2,  4,  6,  8,  10,  d-H,  and  2-H,  and  by  interpolation 
for  the  intermediate  stages. 

Both  the  measured  and  the  calculated  values  were  reduced  to  per- 
centages of  the  corresponding  primary  stresses  and  recorded  in  the 
table,  Plate  XLIV. 

It  should  be  noted  that  the  high  percentages  always  occur  with  low 
primary  stresses.     The  law  of  variation  is  asymptotic. 

The  average  of  the  calculated  secondary  stresses,  for  all  bottom 
chord  members  and  all  erection  stages,  was  about  1  050  lb.  per  sq.  in. 
The  average  of  all  measured  secondary  stresses  was  only  700  lb. 
per  sq.  in. 

The  highest  calculated  secondary  stress  in  any  stage  was  2  920 ;  and 
the  corresponding  measured  stress  was  1  990  lb.  per  sq.  in. 

A  comparison  of  individual  values  of  calculated  and  of  measured 
secondary  stresses  is  not  very  illuminating,  as  any  systematic  varia- 
tions are  more  or  less  obscured  by  the  effects  of  erratic  readings  and 
other  disturbing  factors. 

More  instructive  results  are  obtained  by  averaging  the  individual 
readings  in  groups  so  as  to  eliminate  accidental  variations  and  disclose 
the  true  relations  between  the  calculated  and  the  measured  values. 

If  the  secondary  stresses  are  grouped  and  averaged  in  ranges  of 
percentages,  the  following  comparison  is  obtained: 

In  the  ranges, 

0-20%,  20-40%,  40-100%,  100-300%,  and  more  than  300%, 
the  average  calculated  secondary  stresses  were: 

6%,        30%,  69%,  143%,  and  473%, 

and  the  corresponding  average  measured  secondary  stresses  were: 
26%,       28%,         46%,  93%,  and  110%,  respectively. 
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From  these  figures,  the  following  relations  are  evident: 

1. — Except  for  the  smaller  percentage  of  secondary  stresses,  the 
measured  values  are  consistently  lower  than  the  calculated  values. 

2. — As  the  percentage  of  calculated  stresses  increases,  the  i>er- 
centage  of  measured  values  also  increases,  but  not  as  rapidly. 

3. — For  the  highest  percentages  of  secondary  stresses,  the  meas- 
ured values  amount  to  only  a  small  fraction  of  the  calculated  values. 

The  lower  values  of  the  measured  secondary  stresses  are  partly  due, 
in  the  case  of  the  Hell  Gate  Arch,  to  the  three-faced  joints  in  the 
bottom  chords;  but,  to  a  large  extent,  the  effect  is  to  be  ascribed  to  a 
readjustment  of  strains  tending  to  relieve  the  higher  secondary  stresses. 
As  this  effect  obtains  in  all  structures,  it  may  be  concluded  that  the 
actual  secondary  stresses  are  generally  lower  than  the  calculated 
values. 

These  results  may  be  expressed  by  an  approximate  empirical  rela- 
tion between  the  calculated  and  the  measured  percentages  of  secondary 
stress.  If  the  various  observations  are  plotted  with  these  percentages 
as  co-ordinates,  all  but  the  extreme  points  are  found  to  be  grouped 
along  a  straight  line  of  the  formula. 

Percentage  of  measured  secondary  stress 

=^  ~  (percentage  of  calculated  secondary  stress)  +  15. 

This  expression  may  be  interpreted  as  follows: 

1. — The   factor,  --,  was    the   average   ratio   of   actual    to  calculated 

stresses,  and  represents  the  reduction  of  the  bending  strains  by  the 
yielding  of  the  joints  and  the  internal  readjustment  of  the  structure  . 
to  relieve  the  secondary  stresses.     This  factor  would  probably  have  a  - 
higher  value  in  other  structures. 

2. — The  absolute  term,  15%,  represents  additional  secondary  strains 
due  to  factors  not  included  in  the  computations,  such  as  inaccuracies 
of  fabrication,  effects  of  temperature,  dead  weight  of  members,  eccen-  ; 
trie  bearings,  etc.     This  term  would  probably  have  a  lower  value  in 
other  structures. 

For  the  most  instructive  comparison,  it  is  necessary  to  average  the] 
calculated  and  measured  values  in  groups  corresponding  to  the  suc- 
cessive erection  stages.     This  yields  the  results  shown  in  Table  5. 
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TABLE  5. 


Average  Secondary  Stress. 

stage. 

Average  primary 
stress. 

Calculated. 

Measured. 

2 

612 

1  220 

485 

4 

1  370 

703 

547 

6 

2  040 

847 

796 

s 

1  354 

1  33.5 

711 

10 

2  393 

1  629 

725 

8-iy 

5  820 

557 

832 

2-/f 

11  620 

513 

1  140  (296) 

The  values  in  Table  5  are  plotted  in  graphs  in  Fig.  5.  Three  curves 
are  sho\vn  :  primary  stresses,  calculated  secondary  stresses,  and  measured 
secondary  stresses. 

The  curve  of  primary  stresses  shows  a  large  di'op  from  Stage  6  to 
Stage  8,  representing  the  reduction  in  stresses  when  the  load  was  trans- 
ferred from  the  lower  to  the  upper  back-stay. 

The  curve  of  calculated  secondary  stresses  is  rather  high  in  the 
first  two  stages.  This  is  simply  because  at  these  stages  only  one  or 
two  panels  were  erected,  and  these  end  panels  usually  have  higher  sec- 
ondai-y  stresses  than  the  intermediate  panels  of  the  span.  From  Stage 
4  to  Stage  12,  the  calculated  secondary  stresses  increase  continuously 
Avith  the  increasing  deflections.  At  Stage  o-H  there  is  a  sudden  drop, 
as  the  3-hinged  condition  has  very  small  deflections  and,  consequently, 
low  secondary  stresses. 

The  measured  secondary  stresses  for  the  first  few  stages  are  very 
considerably  below  the  calculated  values.  This  proves  that  the  three- 
faced  joints  (Fig.  6)  acted  partly  as  hinges  which  relieved  the  secondary 
stresses.  As  the  direct  stress  increased,  however,  the  joints  were  com- 
pressed, the  bearing  area  was  enlarged,  and  the  drift-pins  in  the  outer 
thirds  of  the  joint  began  to  take  stress.  This  accounts  for  the  increas- 
ing slope  of  the  curve  as  Stage  6  is  approached,  and  the  diminishing 
diflFerence  between  calculated  and  measured  values.  From  Stage  6  to 
Stage  8  there  is  a  decline  in  the  measured  secondary  stresses  due  to 
the  temporary  release  in  the  direct  compression  at  the  joints,  combined 
with  a  reversal  of  flexiTre  at  some  of  the  joints  during  this  transition. 
Beyond  Stage  8  the  measured  secondary  stresses  increase  continuously. 

The  final  drop  in  the  calculated  stress  curve  is  not  duplicated  in 
the  curve  of  measured  secondary  stresses.     In  the  former  curve,  the 
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strains  for  Stages  12  and  d-H  are  the  results  of  independent  computa- 
tions for  two  entirely  distinct  erection  conditions,  and  this  accounts 
for  the  break  in  the  curve.     In  the  measured  secondary  stresses,  how- 
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Fig.  5. 


9        10       11       12      Z-Il  2-H 


ever,  there  is  a  continuity  of  operation,  and  therefore  of  stress  condi- 
tions. The  joints  are  fixed  under  the  large  direct  compressions,  so  that 
some  of  the  secondary  stresses  induced  under  the  preceding  stages 
persist  in  the  structure  when  Stages  B-H  and  2-H  are  reached. 
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The  stresses  in  Stage  S-H  were  measured  before  the  joints  were 
riveted.  During  the  operation  of  riveting,  as  the  drift-pins,  one  by  one, 
Avere  replaced  by  rivets,  there  was  a  gradual  redistribution  of  stresses 
at  each  joint,  consisting  in  a  transfer  of  pressure  from  the  outer  fibers 
to  the  middle  of  the  section.  There  was  no  perceptible  rotation  of  the 
joints,  however,  as  their  compression  had  reached  a  stage  which  pre- 
cluded the  possibility  of  any  hinge  action.  Consequently,  the  meas- 
ured secondary  stresses,  defined  as  one-half  the  difference  between  the 
top  and  bottom  fiber  stresses,  showed  no  drop  between  Stages  3-E 
and  2-H.     (See  upper  branch  of  graph.) 

If,  however,  the  secondary  stresses  are  defined  as  the  excess  com- 
pression in  the  top  or  the  bottom  fibers  over  the  average  stress  in  the- 
section,  the  measured  secondary  stresses  in  the  final  stage  present  a 
distinct  reduction  from  the  preceding  stage  as  a  result  of  the  redis- 
tribution of  stress  to  relieve  the  outer  fibers.  The  measured  secondary 
stresses  for  Stage  2-E,  thus  computed,  have  an  average  value  of  only 
29G,  as  compared  with  the  average  calculated  value  of  513.  (See 
lower  branch  of  graph.) 

On  the  whole,  the  curves  (Fig.  5)  show  that  the  measured  secondary 
stresses  are  lower  than  the  calculated  values,  the  average  ratio  betweert 
them  being  somewhat  more  than  one-half. 

Comparison  of  Calculated  with  Measured  Extreme  Fiber   Stress. 

« 

In  the  final  stage  (2-5),  the  extreme  fiber  stresses,  representing  the 
maximum  combination  of  primary  and  secondary  stresses,  yielded  the 
following  comparison: 

Member:  0-2  4^G        8-10       12-14      16-18      20-22 

Calculated:        12  160     12  060     11770     11950     12  370     13  270 
Measured:  11300     11650     11450     11800     11950     13  300 

This  striking  comparison  shows  that,  in  the  Hell  Gate  Arch  chord 
members,  the  factors  tending  to  increase  the  calculated  extreme  fiber 
stresses  and  those  tending  to  reduce  them  very  nearly  balance  each 
other.  Were  it  not  for  the  three-faced  butt  joints  and  the  deferred 
riveting,  the  measured  extreme  stresses  would  have  exceeded  the  cal- 
culated values. 
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Other  Applications  of  the  Extensometer. 

In  order  to  observe  the  movements  at  the  lower  chord  splices,  the 
extensometer  was  applied  across  the  opening  at  some  of  the  panel  points 
in  various  erection  stages. 

The  initial  value  of  this  opening,  at  the  top  and  bottom  of  each 

butt  joint,  was  -  in.  (Fig.  6). 

o 

To  illustrate  the  character  of  the 
observations,  the  results  for  panel 
point  2  of  the  Long  Island  side  will 
be  summarized. 

Readings  were  taken  at  each  cor- 
ner of  the  joint  in  both  trusses. 
Averaging  the  four  top  measurements 
and  the  four  bottom  measurements, 
respectively,  and  comparing  each  ob- 
servation with  the  initial  measure- 
ment, the  following  results  were  obtained: 


Joint  of  Bottom  Chord 
Fig.  6. 


Stage.  4. 

Top.  Initial 

Bottom.    Initial 


6. 
—  50 
—140 


8. 
— G7 
—45 


10. 
—  95 
—100 


Z-H. 

—198 
—226 


2-H. 
-1186 
-1050 


It  is  seen  from  these  figures  that,  between  Stages  4  and  6,  the  top 
of  the  joint  closed  0.005G  in.  and  the  bottom  closed  0.0140  in.,  repre- 
senting a  negative  rotation. 

Between  Stages  6  and  8,  the  top  of  the  joint  closed  0.0011  in.  and 
the  bottom  opened  0.0095  in.,  representing  a  positive  rotation.  This 
corresponds  to  the  reversed  flexure  at  this  panel  point  when  the  load 
was  transferred  to  the  forward  stay. 

The  foregoing  results  indicate  a  hinge  action  at  the  panel  points 
due  to  the  three-faced  joints,  despite  the  resistance  of  the  splice 
material. 

The  closing  of  the  joints,  at  top  and  bottom,  took  place  mainly 
between  Stages  o-H  and  2-H,  during  which  stages  the  splices  were 
riveted,  which  indicates  a  gradual  re-adjustment  of  stress  at  the  joint 
as  the  drift-pins  were  replaced  one  by  one  by  rivets. 

Similar  results  were  obtained  at  the  other  panel  points  observed. 
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In  every  case  there  was  a  movement  of  nearly    -  in.  from  the  initial 

8 

measurement,  indicating  practically  a  complete  closing  of  the  joint. 

This  closing  of  the  joints  implies  a  greater  compression,  by  ^  in., 
in  the  middle  fibers  than  in  the  outer  fibers  of  the  member.  As  a  result, 
the  average  stress  over  the  middle  third  of  the  section  tends  to  be 
materially  higher  than  the  average  stress  in  the  extreme  top  and 
bottom  fibers.  The  splice  material  across  the  joints  resists  this  effect 
nntil  the  strains  in  the  splice  are  released  by  the  replacing  of  the  drift- 
pins  by  rivets. 

These  conclusions  are  substantiated  by  the  fijial  measurements, 
which  yielded  the  following  results: 

Stage  S-H.  Stage  2-H. 

Average  top  and  bottom  fiber  stress 6  050  10  400 

Average  middle  fiber  stress 6  050  13  100 

The  final  difference  between  extreme  and  middle  fiber  stress  thus 
amounts  to  2  700  lb.  per  sq.  in.  at  the  sections  of  measurement.  The 
gauge  points  were  approximately  at  the  quarter  points  of  the  length 
between  panel  points;  a  larger  difference,  of  course,  would  be  found 
if  the  sections  could  be  taken  nearer  to  the  ends  of  the  members. 

Summary  of  Conclusions. 

1. — The  Howard  strain  gauge  is  well  adapted  for  the  measurement 
of  stresses  in.  steel  structures  under  quiescent  load,  provided  that  the 
stresses  are  not  less  than  1  000  lb.  per  sq.  in.  With  careful  manipula- 
tion it  is  possible  to  determine  the  true  stresses  within  less  than  200  lb. 
per  sq.  in. 

2. — A  comparison  between  calculated  and  measured  primary  stresses 
reveals,  in  addition  to  the  observational  errors,  an  average  difference 
of  5  per  cent.  This  is  due  principally  to  variations  in  the  loading  and 
cross-sections  from  the  values  assumed,  and  indicates  the  futility  of 
excessive  refinement  in  the  ordinary  computation  of  stresses. 

3. — The  extreme  variation  of  fiber  stress  from  the  average  stress 
in  a  member  was  found  to  range  from  about  1  600  lb.  per  sq.  in.  with 
the  lowest  primary  stresses  to  about  2  500  with  the  highest  primary 
stresses.  A  part  of  this  variation  represented  the  secondary  stress  from 
vertical  bending;  the  greater  part,  however,  was  due  to  the  effects  of 
lateral  bending,  shop  inaccuracies,  temperature  strains,  splice  details. 
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non-uniform  material,  and  other  causes  which  are  omitted  from  con- 
sideration in  the  computation  of  secondary  stresses. 

4. — Combining  the  maximum  discrepancy  between  calculated  and 
measured  stress  (6%  +  1  000)  with  the  maximum  variation  of  extreme 
fiber  stress  (12%  +  2  600),  and  allowing  for  the  fact  that  in  the  Hell 
Gate  Arch  the  three-faced  joints  tended  to  reduce  the  secondary 
stresses,  it  appears  that  about  25%  +  4  000  lb.  per  sq.  in.  is  a  necessary 
margin  to  be  deducted  from  the  minimum  elastic  limit  of  the  material 
in  order  to  obtain  the  limiting  safe  working  stress  for  bridge  members 
imder  average  conditions. 

5. — During  erection,  the  secondary  stresses — restricting  the  mean- 
ing of  the  term  to  the  eiiect  of  bending  in  the  plane  of  the  truss — had 
an  average  value  of  1  050  lb.  per  sq.  in.,  calculated,  and  only  700  lb. 
per  sq.  in.,  measured.  The  highest  calculated  secondary  stress  was 
2  920,  and  the  corresponding  measured  secondary  stress  was  1  990  lb. 
per  sq.  in.  Except  for  the  smallest  secondary  stresses,  the  measured 
values  were  consistently  lower  than  the  calculated  values.  For  the 
highest  percentages  of  secondary  stresses,  the  measured  values  are  only 
a  small  fraction  of  the  calculated  values. 

It  is  believed  that  similar  results,  though  not  as  marked,  would  be 
found  in  other  structures.  The  actual  secondary  stresses  will  gen- 
erally be  lower  than  the  calculated  values.  There  is  an  automatic 
re-adjustment  of  strains  within  a  structure  in  such  direction  as  to 
relieve  the  secondary  stresses. 

6. — The  variations  of  calculated  and  measured  secondary  stresses 
in  the  successive  erection  stages  are  plotted  for  comparison  in  Fig.  5. 
The  graphs  show  the  measured  stresses  lower  than  the  calculated  values 
throughout  the  erection.  The  differences  between  the  two  curves  are 
explained  by  special  conditions  in  the  erection  of  the  structure. 

7.— In  the  early  erection  stages,  the  three-faced  joints  (Fig.  6) 
between  the  lower  chord  members  acted  as  hinges  to  permit  a  certain 
amount  of  rotation,  so  as  to  ease  the  secondary  stresses.  In  the  suc- 
ceeding stages,  as  the  direct  stress  increased,  the  joints  became  com- 
pressed, and  the  rotation  was  restricted.  Between  Stages  6  and  8, 
when  there  was  a  decrease  in  the  direct  compression,  rotation  occurred 
again,  and  the  secondary  stresses  were  partly  released. 

Extensometer  measurements  across  the  splice  openings  confirmed 
the  above-described  hinge  action  of  the  joints. 
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Another  object  of  the  three-faced  joints  was  to  produce  a  concen- 
tration of  pressure  in  the  middle  third  of  the  section,  accompanied  by 
a  reduction  of  direct  stress  in  the  outer  fibers.  This  distribution  of 
stress,  with  the  largest  intensities  in  the  middle  third,  was  confirmed 
by  actual  measurement  in  the  final  stage. 

8. — Measurements  across  the  splice  openings  (Fig.  6)  before  and 
after  riveting  showed  a  complete  closing  of  the  joints  during  this 
operation.  This  is  proof  of  the  release  of  strains  at  a  joint  when 
the  drift -pins  are  replaced  by  rivets. 

The  closing  of  the  openings  represents  a  desired  transfer  of  initial 
stress  from  the  splice  material  to  the  butt  joint;  it  is  also  visible  evi- 
dence of  the  greater  concentration  of  stress  in  the  middle  third  of  the 
cross-section. 

9. — The  curve  of  calculated  secondary  stresses  shows  a  large  drop 
from  the  cantilever  to  the  three-hinged  stage,  on  account  of  the  large 
reduction  in  deflections.  This  indicates  the  comparative  freedom  of 
the  arch  type  from  secondary  stresses. 

10. — In  the  final  stage,  the  stresses  in  the  extreme  fibers,  represent- 
ing the  maximum  combined  effect  of  primary  and  secondary  stresses, 
show  a  remarkable  agreement  with  the  calculated  values  of  the  same 
stresses. 

Acknowledgments. 

Acknowledgments,  in  addition  to  those  already  given,  are  due  to 
Mr.  Frank  E.  Berry  and  to  Theodore  Belzner,  Assoc.  Am.  Soc.  C.  E., 
for  instruction  and  suggestions  in  the  use  of  the  extensometer ;  to 
Messrs.  Brown  and  Sharpe,  manufacturers  of  the  instrument,  for 
courtesies  extended;  to  O.  H.  S.  Koch,  Jun.  Am.  Soc.  C.  E.,  who, 
with  assistants,  took  all  the  measurements,  and  on  whose  painstaking 
thoroughness  their  value  depended;  to  Mr.  F.  de  Schauensee,  who 
calculated  the  secondary  stresses  and  assisted  in  reducing  the  observa- 
tions; and  to  O.  H.  Ammann,  M.  Am.  Soc.  C.  E.,  for  suggestions 
during  the  prosecution  of  the  investigation. 


STRESS   MEASUREMENTS,    HELL    GATE    ARCH   BRIDGE  1073 

APPENDIX 


SECON'DAEY    STEESSES    IN    AECH    TEUSSES    OF    HELL 

GATE  BEIDGE. 

In  view  of  the  unusual  size  and  form  of  the  trusses  of  the  Hell  Gate 
Arch  Bridge  and  for  comparison  with  stress  measurements,  a  complete 
analysis  was  made  of  the  secondary  stresses  from  dead  load,  live  load, 
and  temperature  changes,  in  the  finished  structure,  as  well  as  during 
the  various  stages  of  erection. 

The  writer  selected  Winkler's  analytical  method,  for  these  compu- 
tations, in  preference  to  tlie  graphic  method  of  Professor  Mohr,  be- 
cause the  greater  precision  and  ease  of  supervision  appeared  to  be 
sufficient  compensation  for  the  slight  increase  in  time  required.  Except 
for  some  changes  in  the  arrangement  and  tabulation  of  the  computa- 
tions, the  procedure  given  in  Johnson,  Bryan,  and  Turneaure's  "Modern 
Framed  Structures"  was  closely  followed.  The  calculation  of  secon- 
dary stresses  for  each  load  condition  involves  the  solution  of  a  series  of 
simultaneous  equations  equal  in  number  to  the  total  number  of  panel 
points  in  the  truss,  and  the  expediting  of  the  entire  computation 
depends  largely  on  the  method  selected  for  solving  these  equations. 
The  quickest  and  best  results  were  obtained  with  a  modification  of 
the  method  of  successive  approximations  described  by  F.  E.  Turneaure, 
M.  Am.  Soc.  C.  E.'"  The  modification  consisted  in  substituting,  in  the 
first  and  each  successive  solution,  the  new  values  of  the  unknowns  as 
far  as  already  obtained,  instead  of  using  the  values  from  the  preceding 
approximation. 

The  computation  of  the  secondary  stresses  from  dead  load  on  the 
three-hinged  arch  were  simplified  by  treating  the  two  halves  of  the 
arch,  up  to  the  temporary  crown-hinge,  as  separate  frames.  The  effect 
of  friction  at  the  hinges  was  neglected. 

For  the  dead-load  secondary  stresses  in  the  two-hinged  arch,  because 
of  symmetry,  only  one-half  of  the  truss  had  to  be  computed.  The  load 
for  this  case  consisted  of  the  concrete  floor  and  tracks,  which  were 
added  after  the  center  top  chord  was  connected. 

In  computing  the  secondary  stress  for  live  load,  one-half  of  the  arch 
was  considered  loaded,  as  this  load  produces  nearly  the  maximum 
primary  stress  in  most  members.  A  simple  reversal  of  the  diagram 
and  algebraic  addition  of  the  two  sets  of  stresses  gives  the  secondary 
stresses  for  live  load  covering  the  full  span. 

The  results  of  the  secondary  stress  computations  for  the  Hell  Gate 
Arch  are  recorded  on  Plates  XLV,  XLVI,  and  XLVII.  These  plates 
also  contain  all  data  necessary  for  reproducing  the  computations. 

*  Engineering  News,  September  5th,  1912. 
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The  diagrams  give,  for  each  designated  condition  of  loading,  the 
secondary  stresses  at  both  ends  of  each  member.  A  double  sign  pre- 
fixed to  each  figure  indicates  the  kind  of  stress  in  the  top  and  bottom 
fibers  of  the  section,  respectively.  In  addition,  the  primary  stress  for 
the  same  condition  of  loading  is  marked  on  each  member  in  parentheses. 

Another  feature  in  these  diagrams  is  the  graphic  representation, 
for  the  individual  members,  of  the  deformations  corresponding  to  the 
secondary  stresses.  These  deformations  are  shown  exaggerated  to  an 
arbitrary  relative  but  non-proportional  scale.  After  the  curves  are 
drawn  they  serve  principally  as  a  general  indication  of  relative  distor- 
tions. In  addition,  the  sharpness  of  curvature  at  any  point  represents 
the  intensity  of  bending  moment;  the  points  of  contraflexure  mark 
points  of  zero  secondary  stress;  the  direction  of  curvature  gives  the 
signs  of  the  secondary  stress;  the  configuration  of  curves  meeting  at 
any  panel  point  determines  the  direction  of  deflection  of  that  point; 
and,  in  general,  the  deformation  curves  afford  a  visual  check  on  the 
correctness  of  the  work. 

Results  of  the  Secondary  Stress  Calculations. 

An  inspection  of  the  secondary  stresses  recorded  on  Plate  XLV 
yields  the  following  facts: 

The  largest  dead-load  secondary  stresses,  in  pounds  per  square  inch, 
are  as  follows : 

Lower  Chord.  Upper  Chord.  Diagonals.  Verticals. 

1  290  in  20-22     2  468  in     1-3       4  950  in  22-ilf  2  186  in  20-21 

1  032  in  18-20        961  in  21-23     1  376  in  3-4  1  671  in  18-19 

1316   in  1-2 
All  the  other  stresses  are  below 

800  800  1300  1600 

It  will  be  observed  that  the  largest  secondary  stresses  in  each  class 
of  members  occur  in  the  end  panels  and  crown  panels  of  the  span. 
This  effect  is  accounted  for  by  the  large  concentrations  of  stress  at 
Panel  Points  0  and  22  of  the  three-hinged  arch.  It  will  generally  be 
found  that  the  largest  secondary  stresses  in  any  structure  occur  where 
there  is  an  interruption  in  the  continuity  of  the  truss  configuration,  or 
in  the  uniformity  of  the  loading  conditions. 

Plate  XLV  also  affords  a  comparison  of  the  secondary  stresses 
in  a  three-hinged  and  a  two-hinged  arch.  The  former  are  generally 
the  larger. 

In  the  outstanding  dead-load  secondary  stresses  it  will  be  found 
that  the  major  contributions  to  the  total  stress  come  from  the  three- 
hinged  condition.  This  effect  is  most  marked  in  the  panels  near  the 
temporary  cro^Ani-hinge,  as  shown  by  Table  6. 
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All  Etressee  on  this  sheet  are  unit  stresses,  and  are  given  in 
pounds  pur  square  inch. 
+  Denotes  lension,  —denotes  compression. 
Figures  in  parentheses  are  the  primary  stresses  for  the  In- 
dicated condition  of  loading. 

Secondary  streeaes  are  given  for  both  ends  of  each  member. 
The  upper  sign  refers  to  the  top  Qbera  and  the  lower  sign  to 
the  bottom  fibers  of  the  section. 

Stresses  not  given  are  the  same  as  for  corresponding  mem- 
bers on  the  other  side  of  span. 
The  dotted_line8  represent  the  unstressed  positions  of  (he 

The  full  lines  represent  the  deformations  of  ihe  members 
corresponding  to  the  secondary  stressee.  The  deformatioos 
arc  plotted  to  an  exaggerated  and  relative  scale. 
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SECONDARY  STRESSES 
HEa  GATE  ARCH  BRIDGE. 


NOTES 

All  stresses  on  this  sheet  are  unit  stresses,  and  are  given  in 
pounds  per  sq.  in.  +  denotes  tension,  —denotes  compression. 
Secondary  stresses  are  given  for  both  ends  of  each  member 
in  the  order  ol"  the-designating  numbers.  The  upper  sign  refers 
to  tbe  top  fibers  and  tlie  lower  sign  to  the  bottom  fibei-s  of  the 
section.    In  verticals  the  fibers  toward    the  springing  are 

isidered  as  the  upper  fibers  and  those  toward  the  crown  as 
the  lower  fibres. 

Gross  sections  were  used  for  figuring  unit  stresses  and 
strains. 

The  secondary  stresses  Q  from  dead  load  were  obtained 
by  combining  the  secondary  stresses  produced  by  the  steel 
weight  actingon  the  3-hinged  arch  with  the  secondary  stresses 

«     produced  by  the  weight  of  floor  and  track    acting  on  the  2- 

•^     hinged  arch. 

a  The  secondary  stresses  (|)  from  live  load  covering  the 

%  whole  span,   were  obtained    by  combining  the    secondary 

j|  sBresses  (2)  in  the  loaded  and  unloaded  sides  produced  by  live 

^  load  covex'ing  one-half  of  the  span. 

The  approximate  secondary  stresses  (D  occurring  simul- 
taneously with  maximum  live-load  stress  were  obtained  by 
interpolation  between  tlie  secondary  stresses  @  from  live 
load  covering  one-half  of  the  span  aud  those  (3)  from  live 
load  covering  the  whole  span,  in.accordance  with  the  loading 
diagrams  appended  to  the  table. 

The  primary  stresses  given  on  this  sheet  were  figured  from 
the  official  Table  of  Stresses  for  the  Hell  Gate  Arch. 

The  loading  diagrams  indicate  by  shaded  areas  the  loading 
which  produces  maximum  primary  stress  in  each  member. 
The  signs  (+)  or  (— )  indicate  the  character  of  the  stress 
produced  by  any  loads  in  the  shaded  or  unshaded  distances. 
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seeB^Tjc  TABLE  6. 


Secondary  stress  from  dead  load  on 

Total  secondary  stress  from 

Member. 

Shinged  arch,  in  pounds 

dead  load,  in  pounds 

per  square 

inch. 

per  square  inch. 

18-SO 

1  083 

1  032 

20--22 

1264 

1290 

21-23 

992 

961 

22- .1/ 

4  035 

4  950   . 

.^-23 

2  055 

1290 

The  loading  added  in  the  two-hinged  condition,  although  amount- 
ing to  nearly  one-half  of  the  dead  load  on  the  three-hinged  arch,  does 
not  produce  its  proportional  share  of  the  total  secondary  stress.  In 
many  cases  it  even  helps  to  neutralize  or  reduce  the  secondary  stress 
originating  in  the  three-hinged  condition. 

An  inspection  of  the  secondary  stresses  on  Plate  XLVI  yields  the 
following  facts : 

As  wJis  to  be  expected  from  the  resj)ectiTe  deformations,  the  sec- 
ondary stresses  for  live  load  covering  the  half  span  are  considerably 
greater  than  for  the  live  load  covering  the  full  span. 

With  only  two  or  three  exceptions  in  each  case,  the  secondary 
stresses  for  full  live  load  are  less  than  400  in  the  low  chord,  500  in  the 
upper  chord,  800  in  the  diagonals,  and  1  600  in  the  verticals.  These 
low  values  indicate  the  eminent  freedom  of  the  arch  from  secondary 
stresses  under  full  or  uniform  loading. 

The  second  diagram  on  Plate  XLVI  is  similar  in  all  respects  to 
the  second  diagram  on  Plate  XLV,  and  the  stresses  are  found 
to  be  proportional.  This  affords  a  check  on  the  correctness  of  the 
computations,  as  the  respective  stresses  were  found  by  entirely 
different  and  independent  procedures. 

Plate  XLVII  presents  a  compilation  of  all  the  secondary  stresses 
and  a  comparison  with  the  corresponding  primary  stresses.  The 
data  on  this  plate  are  self-explanatory. 

The  secondary  stresses  of  greatest  critical  interest  are  those  occur- 
ring with  the  loading  that  produces  the  maximum  primary  stress  in 
each  member.  The  total  secondary  stresses  for  such  condition,  includ- 
ing both  the  dead  and  live-load  contributions,  are  tabulated  in  Column 
5.  These  secondary  stresses,  with  a  few  exceptions  in  each  group,  are 
found  to  be  less  than  1  500  for  the  lower  and  upper  chord  members,- 
less  than  3  000  for  the  diagonals,  and  less  than  3  500  for  the  verticals. 

The  last  column  gives  the  maximum  values  of  the  secondary  stresses 
expressed  as  percentages  of  the  corresponding  primary  stresses. 

It  will  be  observed  that  most  of  the  percentages,  especially  those 
in  the  chord  members,  are  small. 
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In  the  lower  chord,  the  critical  secondary  stresses  range  from 
1  to  12%  of  the  maximum  primary  stresses. 

In  the  upper  chord,  the  first  three  members  have  comparatively 
high  percentages  of  secondary  stresses  (180,  40,  and  17%),  but  this 
is  due  to  the  low  primary  stresses  (3  104,  6  650,  and  10  140,  respec- 
tively) in  these  members.  There  is  an  excess  of  section  which  amply 
provides  for  these  secondary  stresses.  The  totals  of  secondary  plus 
primary  stress  in  these  three  members  do  not  reach  12  000  lb.  per  sq.  in. 

In  the  other  upper  chord  members  the  critical  secondary  stresses 
range  from  3  to  10%  of  the  primary  stresses. 

In  the  web  members  the  critical  secondary  stresses  range  from 
1  to  65%,  but  only  a  few  exceed  30  per  cent.  There  is  ample  margin 
of  cross-section  to  take  care  of  these  stresses. 

The  web  members,  as  a  rule,  have  larger  secondary  stresses  than  the 
chord  members.  This  may  appear  surprising,  as  the  web  members  are 
longer  and  narrower  than  the  chord  members,  and  it  is  generally  stated 
that  the  secondary  stresses  in  different  members  vary  inversely  as  their 
slenderness  ratios.  The  reason  is  due  to  the  form  of  the  arch;  in  the 
three-hinged  condition  practically  all  the  dead  load  is  carried  by  the 
parabolic  bottom  chord,  and  the  web  members  receive  large  secondary 
stresses  from  the  compression  of  the  lower  chord  members  before  they 
receive  any  appreciable  primary  stress. 

Conclusions. 

These  results  obtained  in  the  secondary-stress  computations  bear 
out  the  justification  of  the  type  of  structure,  unit  stresses,  and  method 
of  erection  adopted  for  the  Hell  Gate  Arch  Bridge. 

Some  of  the  larger  secondary  stresses  are  found  at  the  crown  of 
the  arch,  and  appear  to  be  caused  by  the  special  arrangement  of  the 
center  panel  and  the  part  which  it  plays  in  the  erection  of  the  struc- 
ture as  a  three-hinged  arch.  There  were  sufficient  advantages  in  this 
construction,  however,  to  outweigh  the  increase  in  the  local  secondary 
stresses.  Nevertheless,  the  results  confirm  the  usual  objections  to 
intersecting  web  members.  On  the  other  hand,  they  demonstrate  the 
desirability,  from  the  consideration  at  least  of  secondary  stresses,  of 
reducing  the  number  of  hinges  in  an  arch. 

The  low  secondary  stresses  in  the  bottom  chords  are  particularly 
gratifying,  as  they  set  at  rest  any  apprehensions  aroused  by  the  great 
depth  of  these  members. 

The  results,  on  the  whole,  show  that  special  methods  of  assembling 
and  erection,  such  as  were  adopted  for  the  Quebec  and  Sciotoville 
Bridges,  to  counteract  the  effect  of  secondary  stresses,  were  not  required 
for  the  Hell  Gate  Arch  Bridge. 
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DISCUSSION 


H.  J.  Bingham  Powell*  M.  Am.  Soc.  C.  E.  (by  letter).— The  Mr. 
writer  appreciates  the  care  observed  to  obtain  reliable  results  in  taking 
the  stress  measurements  on  the  Hell  Gate  Arch  Bridge,  but  would 
question  the  accuracy  of  the  methods  used,  that  is,  to  a  matter  of  tenths 
of  a  thousandth  of  an  inch  claimed.  As  Inspection  Officer  in  Charge 
of  the  Department  of  Gauges  and  Standards  of  the  British  Ministry 
of  Munitions  in  the  United  States,  he  has  had,  during  the  last  two 
years,  a  wide  experience  of  the  difficulties  that  are  encountered  in  tak- 
ing fine  measurements  correct  to  a  tenth  of  a  thousandth  of  an  inch, 
unless  the  instruments  are  extremely  accurate  and  are  used  in  uni- 
form conditions  of  working,  temperature,  etc. 

The  principle  of  measurement  of  the  Howard  extensometer  appears 
to  the  writer  to  be  fundamentally  unreliable,  because  of  the  following 
objectionable  features:  The  measuring  points  of  the  micrometer  cal- 
iper are  conical,  and  the  zero  reading  for  any  given  temperature  is 
taken  from  a  "comparison  bar"  with  holes.  The  member  to  be  meas- 
ured has,  similarly,  conical  holes  for  the  insertion  of  the  micrometer 
measuring  points.  The  bearing  of  the  measuring  points  is  not  on  the 
tips,  but  on  the  sides,  and  that  is  where  the  unreliable  feature  in  the 
measurement  enters.  If  the  micrometer  is  not  held  so  that  the  points 
are  "square"  to  the  holes,  the  bearing  on  the  conical  sides  is  very  un- 
equal, and,  consequently,  the  measurement  is  a  false  one.  Further,  it 
is  a  most  difficult  matter  to  get  a  satisfactory  micrometer  "feel"  with 
conical  points  bearing  against  the  inclined  sides  of  the  holes.  These 
sources  of  error  present  themselves  twice:  in  taking  the  "zero"  read- 
ing on  the  comparison  bar,  and  again  when  measuring  the  member. 
Thus,  the  combined  error  may  be  considerable.  Further,  the  holes  in  the 
member  are  filled  with  oil,  vaseline,  or  ivory  black  paint  for  protection 
until  used.  The  filling  is  removed  by  a  pointed  aluminum  rod,  a  small 
cedarwood  stick,  and  some  absorbent  cotton.  No  doubt,  every  care 
was  taken  in  removing  the  filling,  but  in  the  confined  space  and  under 
the  generally  disadvantageous  conditions  in  which  the  measurements 
were  taken,  it  would  be  difficult  to  obtain  the  thorough  cleaning  out  of 
the  holes  so  necessary  for  any  degree  of  accuracy.  Even  with  the 
polished  surfaces  of  screw  gauges,  the  writer  has  found  that  a  film  of 
oil  on  the  thread  upsets  the  measurements  entirely;  and  the  conical 
holes  are  not  only  similar  in  form  to  the  cross-section  of  the  thread  of 
a  gauge,  but  also  give  a  bearing  on  a  surface  instead  of  a  line,  as  in 
the  former  case,  and  thus  aggravate  the  evil  of  any  film  of  matter  pres- 
ent. Also,  the  holes  in  the  member  are  of  very  imperfect  finish  of 
surface,  and  aid  the  adhesion  of  such  a  film.  The  only  way  to  remove 
these  factors  of  inaccuracy  is  to  abolish  the  use  of  holes  and  substitute 
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Mr.  slig'btly  projecting  ball-ended  cylindrical  studs,  which  present  a  smooth 
°^^  ■  surface,  easily  cleaned,  and  over  which  very  accurate  measurements 
can  be  made.  These  studs  can  be  of  very  small  diameter  and  only 
project  sufficiently  for  an  ordinary  micrometer  (a  micrometer  caliper 
is  unnecessary  in  this  case)  to  have  a  bearing  on  the  anvil  and  spindle. 
The  comparison  bar  of  the  micrometer  would  be  a  plain  rod  with  the 
ends  ground  true,  and  so  the  zero  reading  would  be  a  direct,  and  con- 
sequently, exact,  one. 
Mr.  J.  A.  L.  Waddell,*  M.  Am.  Soo.  C.  E.  (by  letter). — This  paper  is 

not  only  of  great  value  on  account  of  the  important  measurements  of 
both  direct  and  secondary  stresses  which  the  author  records  and  dis- 
cusses, but  it  is  also  exceedingly  interesting  because  of  the  historical 
treatment  of  the  subject  of  measuring  the  actual  intensities  of  working 
stresses  in  bridge  members. 

The  practice  of  stating  near  the  beginning  of  a  paper  the  history  of 
the  subject  treated  is  one  that  is  to  be  highly  commended  in  many 
cases,  for  the  reason  that  it  places  the  reader  at  once  au  fait  with  the 
matter  under  consideration,  and  thus  arouses  his  interest  and  induces 
him  to  study  seriously  what  follows. 

Reliable  information  concerning  the  actual  intensities  of  working 
stresses  in  main  members  of  bridges,  and  especially  in  their  connect- 
ing details,  is  still  rather  meager,  notwithstanding  the  fact  that  such 
information  would  be  of  inestimable  value  to  all  designers  of  steel 
bridges.  The  difficulty  is  that  the  experiments  necessary  to  obtain 
the  required  knowledge  are  expensive,  and  are  generally  beyond  the 
reach  of  the  individual  engineer.  Engineering  societies  and  railroad 
companies  are  the  logical  organizations  for  conducting  such  experi- 
ments; and,  recognizing  this,  the  American  Railway  Engineering  As- 
sociation (probably  the  most  active  and  progressive  of  all  our  technical 
societies),  some  years  ago  combined  forces  with  a  number  of  the 
prominent  railroad  companies  and,  by  a  well-evolved  series  of  experi- 
ments, secured  a  mass  of  most  valuable  information  on  the  subject 
of  impact  on  bridges  and  bridge  members.  A  similar  series  of  experi- 
ments on  actual  intensities  of  secondary  stresses  in  bridge  members 
and  their  connecting  details  might  well  be  undertaken  by  the  same 
combination  of  forces. 

The  Hell  Gate  Arch  experiments,  incomplete  as  they  are,  consti- 
tute a  fine  start  on  the  investigation  of  stress  distribution;  but  they 
should  be  completed,  so  as  to  include  the  effects  of  live  loads.  Such 
a  finished  series  of  experiments  would  extend  our  knowledge  of  stress 
conditions,  would  determine  the  efficacy  of  new  structural  features, 
would  provide  reliable  information  concerning  the  elfects  of  various 
methods  of  erection,  and  would  develop  improvements  in  both  design 
and  construction.     Again,  in  this  manner,  there  could  be  ascertained 
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the  relative  importance  of  indeterminate  stresses,  as  well  as  the  actual      Mr. 
effects  of  using  redundant  members. 

Although,  as  just  stated,  the  scope  of  the  Hell  Gate  Arch  investi- 
gation was  somewhat  limited,  the  results  obtained  are  certainly  valua- 
ble; and  the  engineers  who  evolved  and  conducted  the  series  of 
experiments  are  certainly  entitled  to  the  hearty  thanks  of  the  entire 
Engineering  Profession. 

F.  H.  Frankland,*  Assoc.  M.  Am.  Soc.  C.  E.f  (by  letter).— This  ^  Mr 
subject  is  of  special  importance  and  interest  to  all  those  engineers 
engaged  or  interested  in  the  design  or  construction  of  important  steel 
bridges,  and  the  author  deserves  high  commendation  for  his  thorough, 
painstaking,  and  masterly  treatment  of  a  subject  acknowledged  to  be 
of  the  highest  importance  in  the  development  of  the  science  of  bridge 
designing. 

In  planning  the  work  it  is  doubtful  whether  the  methods  selected 
and  devised  could  be  well  improved  upon,  having  in  mind  the  purpose 
in  view.  Although  the  paper  represents  a  tremendous  amount  of 
work  in  the  calculation  of  the  secondary  stresses  in  the  structure,' 
involving  the  solution  of  a  large  number  of  simultaneous  equations 
for  each  condition  of  loading,  and  the  analytical  work  required  in 
digesting  the  results  and  deducing  conclusions,  it  is  remarkable  that 
the  work  has  been  presented  in  such  condensed  form,  and  yet  is 
fully  adequate  for  complete  understanding.  This  tendency  toward 
elimination  of  all  extraneous  matter  in  technical  papers  on  special 
subjects  is  to  be  highly  commended. 

The  importance  of  such  stress  measurements  is  so  great  that  it 
might  be  safely  said  that  such  investigations,  in  the  future,  will  prove 
one  of  the  most  useful  aids  in  the  design  of  bridges  of  unprecedented 
span.  The  writer  is  of  the  opinion  that  the  desirability  of  more  and 
extended  investigations  of  this  nature  is  clearly  indicated;  and  he 
begs  respectfully  to  suggest  that  the  Society  take  under  consideration 
the  idea  of  similar  stress  measurement  investigations  on  the  Quebec 
and  Sciotoville  Bridges,  and  the  completion  of  the  measurements  on 
the  Hell  Gate  Bridge  (those  applying  to  live  load),  thus  securing 
exceedingly  valuable  and  complete  data  on  the  largest  bridges,  of 
the  cantilever,  continuous  truss,  and  arch  types,  in  existence.  Owing 
to  the  probable  great  expense  of  these  proposed  investigations,  which 
would  be  too  onerous  for  any  one  individual  to  bear,  and  to  the 
undoubtedly  great  value  to  the  Profession,  it  would  appear  quite 
fitting  and  proper  for  the  American  Society  of  Civil  Engineers  to 
undertake  this  work,  under  the  supervision  of  a  special  committee.  It 
may  be  well  to  mention,  in  elaboration  of  the  foregoing  suggestion, 
that   the    determination    of   the   live-load   stresses    of   the   Hell    Gate 
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Mr. 
Waterbury, 


Mr.  Bridge  would  complete  the  measurements  for  that  structure,  and  that 
inkiand.  jj^j^j^jj  stress  measurements  have  already  been  made  for  the  Sciotoville 
Bridge,  under  the  direction  of  Gustav  Lindenthal,  M.  Am.  Soc.  C.  E. 
The  results  deduced  from  stress  measurements  of  three  types  of  long- 
span  bridges  would  be  more  valuable  and  conclusive  than  those  for  a 
single  structure. 

L.  A.  Waterbury."  M.  Am.  Soc.  C.  E.  (by  letter).— On  page  1059 
of  Mr.  Steinman's  paper,  the  following  paragraph,  which  forms  the 
topic  of  this  discussion,  appears : 

''The  foregoing  discussion  of  results  does  not  include  the  final 
stage  (2-H).  In  that  stage,  in  the  members  near  the  ends  of  the 
span,  the  upper  end  in  every  case  was  found  to  present  a  larger  average 
stress  than  did  the  lower  end.  The  differences  ranged  from  450  to  2  800 
lb.  per  sq.  in.  This  anomalous  result  appears  to  arise  from  some  unex- 
plained disturbance  of  stress  distribution,  and  does  not  represent  any 
error  of  observation." 

This  interesting  condition  of  observed 
stress  may  possibly  be  due  to  an  irregular  dis- 
tribution of  the  stresses  at  the  observed  sec- 
tions, which  might  be  due  to  the  order  in 
which  the  drift-pins  and  bolts  were  replaced  X 
by  rivets.  The  great  size  of  the  members  and 
the  great  difference  between  the  stress  at  the 
center  of  member  0-2  from  that  at  the  top  and 
bottom,  for  each  section,  for  Stage  {2-H),  sug- 
gest that  there  might  easily  be  considerable 
irregularity  in  the  distribution  of  stresses  at 
each  section,  between  the  lines  of  gauged  de- 
formations. 

To  illustrate  the  principle  involved,  con- 
sider the  simple  case  indicated  by  the  joint 
shown  in  Fig.  7,  and  suppose  that  the  stages 
of  remoyal  of  drift-pins  and  of  placing  of 
rivets  are  as  follows:  (1)  center  line  of  mem- 
ber A ;  (2)  outside  rows  of  member  A ;  (3) 
intermediate  rows  of  member  A ;  (4)  interme-  ^''^^'-  '■ 

diate  rows  of  member  B ;  (5)  outside  rows  of  member  B ;  and  (G)  center 
line  of  member  B.  During  each  stage  a  slight  closing  of  the  butt 
joint  occurs,  which,  for  joints  of  the  type  used  in  the  Hell  Gate  Arch, 
develops  larger  stresses  in  the  middle  third  of  each  web  than  in  the 
outer  thirds.  At  the  end  of  Stage  (1),  the  rivets  in  place  are  without 
shearing  stress,  but  during  Stage  (2)  a  slight  closing  of  the  joint 
occurs,  producing  some  stress  in  the  rivets  placed  during  the  first  stage. 
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During:  Stag:e  (3),  the  rivets  placed  in  the  second  stag'e  receive  some  Mr. 
stress,  and  those  placed  in  the  first  stage  receive  an  additional  increment 
of  stress,  but  the  two  intermediate  rows  of  member  A  are  vrithout  stress. 
During  Stage  (4)  a  portion  of  the  load  which  had  been  carried  by  the 
splice  plates,  is  transferred  to  the  web  as  the  butt  joint  closes,  thus 
relieving  the  center  and  outside  rows  of  member  A  of  some  stress,  but, 
at  the  same  time,  developing  some  negative  shear  in  the  rivets  of  the  two 
intermediate  rows  of  that  member.  During  Stages  (5)  and  (6),  the  action 
on  the  -rivets  of  member  A  is  similar  in  character  to  that  which  occurred 
during  Stage  (4).  At  the  end  of  Stage  (6),  the  center  row  of  rivets 
of  member  B  is  without  stress,  the  outside  rows  of  the  same  member 
have  some  stress,  and  the  two  intermediate  rows  have  considerable 
stress.  Such  a  distribution  of  the  load  among  the  rivets  of  the  splice 
would  tend  to  produce  a  variation  of  the  stress  at  Section  M-M  of 
member  A  of  the  type  indicated  by  the  stress  profile,  which  is  shown 
below  the  joint  in  Fig.  7,  while  the  variation  at  Section  N-N  of 
member  B  would  be  more  nearly  like  that  indicated  by  the  stress 
profile  shown  above  the  joint.  If  the  deformations  are  measured  along 
lines  coresponding  to  the  stresses,  Sc  and  Sg,  of  the  stress  profiles,  it  is 
evident  that  the  total  stress  of  member  A  may  be  equal  to  the  total 
stress  of  member  B,  in  spite  of  the  fact  that  all  the  observed  stresses 
for  the  first  member  are  greater  than  those  for  member  B.  The 
deformations  for  member  0-2  for  the  2-H  stage  of  erection,  as  stated 
in  Table  2  of  the  paper,  exhibit  this  character  of  variation,  notwith- 
standing the  fact  that  the  observed  values  are  large  enough  to  be 
considered  fairly  reliable. 

In  attempting  to  check  the  average  stress  at  sections  where  there 
is  an  irregularity  in  the  distribution  of  the  load,  it  should  be  remem- 
bered that,  even  if  readings  are  observed  at  enough  lines  to  determine 
the  correct  variation  in  deformation  for  the  section,  the  average  stress 
will  not  necessarily  be  indicated  directly  by  the  stress  profile,  due  to 
the  variation  in  thickness  of  metal  across  the  section.  The  correct 
average  stress  would  be  obtained  by  weighting  the  stress  for  an  incre- 
ment length  of  profile,  the  weight  being  proportional  to  the  area  of 
metal  over  which  that  particular  stress  is  effective,  and  by  computing 
the  weighted  mean  of  all  the  stresses  shown  by  the  stress  profile. 

F.  D.  Hughes,*  M.  Am.  Soc.  C.  E.  (by  letter). — Engineering  has  Mr. 
been  correctly  called  the  creative  profession,  and  yet  the  engineer,  "^  ®*' 
who  is  most  directly  connected  with  production  of  the  world's  wealth, 
such  as  manufacturing  and  kindred  lines,  has  very  little  time  to  devote 
to  independent  investigation  of  engineering  problems,  and,  for  that 
reason,  he,  more  than  any  other,  owes  thanks  to  the  authors  of  this  and 
similar  papers  who  spend  their  time  in  investigation  on  the  frontier 
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Mr.  of  engineering  thought  and  experimental  research.  The  average  Board 
Hughes.  q£  Directors  of  corporations  looks  with  scant  favor  on  expenditure  of 
either  time  or  money  in  search  of  information  and  formulas  in  engi- 
neering that  do  not  promise  an  adequate  financial  return  to  the  cor- 
poration which  it  represents.  Therefore,  as  already  stated,  this  large 
body  of  the  Engineering  Profession,  which,  for  want  of  a  better  term, 
the  writer  would  designate  as  industrial  engineers,  owes  much  to  those 
who  take  the  time  and  opportunity  to  investigate,  for  the  benefit  of  the 
Profession  at  large,  such  problems  as  were  presented  in  the  construc- 
tion of  the  Hell  Gate  Arch  Bridge  and  to  give  the  results  to  the  engineer- 
ing world.  It  is  permitted  to  few  engineers  to  be  connected  with  either 
the  design  or  construction  of  a  structure  of  this  magnitude,  and  per- 
haps the  conclusions  to  be  reached  are  not  of  practical  use  to  a  major- 
ity of  the  Profession,  and  yet  the  paper,  in  itself,  is  a  very  valuable 
contribution  to  engineering  literature. 

In  an  experience  of  some  twenty  years,  mostly  devoted  to  the  design 
and  construction  of  highway  bridges,  the  wTiter  has  found  a  wide 
diversity  of  treatment  in  the  consideration  of  secondary  stresses.  Such 
treatment  has  varied  from  that  degree  of  refinement  which  might  be 
'termed  "painful"  in  its  exactitude,  to  that  in  which  the  stresses  were 
completely  ignored.  As  an  instance,  he  recalls  the  construction  of  a 
140-ft.  span,  designed  to  carry  a  concrete  floor  of  the  Warren  sub- 
divided panel  type,  all  members  being  riveted,  in  which  the  wind 
stress  was  carried  into  the  lower  chord  and  exact  consideration  was 
given  to  the  increment  of  stress,  even  to  the  changing  of  the  size  of 
section  in  adjoining  panels  where  the  live-  and  dead-load  stresses  were 
of  equal  moment,  thus  necessitating  (if  the  theory  of  the  design  is 
followed),  a  field  connection  between  the  two  panels  where  practice 
should  have  made  the  two  in  one  single  member.  In  view  of  the  fact 
that  the  stringers  were  rigidly  connected  to  the  floor-beam,  the  writer 
considered  this  degree  of  refinement  a  waste  of  material.  On  the  other 
hand,  he  has  seen  numerous  structures  of  highway  design,  of  the  pin- 
connected  type,  in  which  the  entire  lower  chord  was  composed  of  eye- 
bars,  and  in  which  the  first  vertical  member  consisted  of  two  light  angles 
barely  sufficient  to  carry  the  computed  live-  and  dead-load  stresses; 
-  and  the  detail  of  connecting  the  floor-beam  below  the  chord,  would, 
by  the  same  analysis  of  wind  stress,  cause  bending  in  the  vertical 
member  of  from  40  000  to  50  000  lb.  per  sq.  in.;  and  yet  these  bridges 
are  standing  and  have  been  carrying  ordinary  traffic  for  years.  Between 
these  two  extremes  lies  the  most  acceptable  practice,  and  the  author's 
conclusion,  that  any  treatment  of  secondary  stresses  should  be  care- 
fully analyzed  and  the  experiments  along  the  line  of  stress  measure- 
ments taken  with  considerable  allowance,  is  very  timely. 

The  lesson  to  be  learned  from  the  result  of  these  measurements, 
it  seems  to  the  writer,  is,  that  all  structures  which  are  designed  to 
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carry  their  own  weight  during  erection,  as  well  as  eccentric  loading  Mr. 
from  machinery  or  other  methods  of  handling,  should  have  some  scheme  "^ 
of  measurements  for  checking  the  secondary  stresses.  The  additional 
expense  would  be  more  than  made  up  by  the  insured  safety  of  the 
structure  against  probable  loss  of  life  and  limb,  and  would  have  pre- 
vented numerous  disasters  which  have  occurred  on  structures  of  this 
class. 

A.  H.  Fuller,*  M.  Am.  Soc.  C.  E.  (by  letter). — The  Engineering  Mr. 
Profession  is  certainly  indebted  to  Mr.  Lindenthal  for  developing  the 
erection  of  the  Hell  Gate  Arch  Bridge  into  a  huge,  scientific  experi- 
ment, and  to  the  author  for  the  admirable  manner  in  which  this  has 
been  carried  out  and  presented.  No  one  who  has  given  any  attention 
to  stress  measurements  can  fail  to  appreciate  the  precautions  taken  in 
this  work  and  the  care  in  carrying  them  out,  and  neither  can  any  one 
who  has  ever  attempted  to  compute  secondary  stresses  fail  to  recog- 
nize the  magnitude  of  the  task  along  this  line.  Each  of  these  features 
could  well  be  considered  an  accomplishment,  and  the  combination  of 
the  two,  on  a  structure  of  the  magnitude  and  interest  of  the  one  under 
consideration,  marks  a  new  achievement  in  the  understanding  of  the 
actual  behavior  of  steel  structures. 

Engineers  would  not  be  doing  their  duty  by  simply  applauding  what 
has  been  done  without  making  an  effort  to  analyze  the  results,  in  a 
manner  that  would  throw  even  greater  light  on  the  subject,  and  to 
remove  the  last  shadow  of  doubt  in  regard  to  the  interpretation  that 
may  be  drawm. 

On  page  1065,  it  is  stated  that  the  following  relations  are  evident: 

"1. — Except  for  the  smaller  percentage  of  secondary  stresses,  the 
measured  values  are  consistently  lower  than  the  calculated  values. 

"2. — As  the  percentage  of  calculated  stresses  increases,  the  percent- 
age of  measured  values  also  increases,  but  not  as  rapidly. 

■■'3. — For  the  highest  percentages  of  secondary  stresses,  the  meas- 
ured values  amount  to  only  a  small  fraction  of  the  calculated  values." 

On  page  1071,  in  Paragraph  5  of  the  Summary  of  Conclusions, 
the  same  points  are  brought  out.  A  probable  interpretation  from  these 
conclusions  is  that  measured  secondary  stresses  are  usually  lower  than 
computed  ones. 

An  examination  of  Plate  XLIV  discloses  the  fact  that  the 
recorded  measured  secondary  stresses  are  as  great  as,  or  greater  (fre- 
quently much  greater)  than,  the  computed  ones  in  all  cases  where  the 
primary  unit  stresses  exceed  5  000  lb.  per  sq.  in.  and,  with  one  excep- 
tion, for  all  cases  where  the  primary  unit  stresses  exceed  3  000  lb.  per 
sq.  in.,  that  is,  that  the  measured  stress  is  greater  than  the  computed 
one  whenever  the  primary  stress  approaches  a  maximum  working  value. 

*  Easton,  Pa. 
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Mr.  Although   the   author   withholds   the   measured   secondary   stresses 

"  for  the  stage,  3-H,  because  of  the  inconsistencies  due  to  added  dead 
load  during  observation,  the  primary  stresses  are  given.  It  seems 
improbable  to  the  writer  that  this  disturbance  could  be  so  great  as 
to  render  the  results  valueless,  and  he  would  like  to  ask  the  author 
for  these  results  in  connection  with  the  points  that  have  just  been 
raised. 

On  Plate  XL VII  are  given  the  percentages  of  computed  secondary 
stresses  in  all  members,  and  it  is  of  interest  to  note,  as  the  author 
has  so  well  brought  out,  that  these  are  remarkably  low  in  the  lower 
chord  members  which  carry  the  greater  portion  of  the  load.  Take 
Member  4-6,  for  instance,  in  which  the  computed  secondary  stress 
due  to  dead  load  is  5%  of  the  primary  stress.  Plate  XLIV  indicates 
that  the  measured  secondary  stress  is  13%  in.  one  truss  and  11% 
in  another,  of  the  primary  stresses,  that  is,  more  than  double  the  com- 
puted ones.  The  writer  would  like  to  ask  what  information  is  avail- 
able concerning  the  variation  of  stresses  within  the  20-in.  gauge  line 
that  was  used.  The  intensity  is  certainly  greater  toward  the  end  of 
the  member.  Measurements  that  have  been  taken  by  the  writer  on 
steel  and  concrete  in  reinforced  concrete  structures  indicate  a  very 
rapid  drop  in  maximum  stresses  from  the  point  of  connection  of  the 
member,  and  suggest  that  gauge  lengths  even  less  than  the  usual  8  in. 
are  needed  to  catch  the  maximum  stresses.  This  point  has  been 
brought  out  much  more  clearly  by  Professor  McMillan,  of  the  Uni- 
versity of  Minnesota,  in  comparisons  between  2-in.  and  8-in.  gauge 
lengths.  It  seems,  therefore,  that  the  intensity  of  secondary  stresses 
may  be  somewhat  greater  than  the  averages  over  20-in.  gauge  lengths, 
and  that  they  are  intensified  again  at  the  point  of  decrease  in  section 
at  the  edge  of  the  gusset-plates. 

These  points  can  be  recognized  without  questioning  the  author's 
general  conclusions  that  the  secondary  stresses  in  the  structure  under 
consideration  are  not  large  enough  to  cause  concern,  and  that  the  type 
of  structure  is  well  chosen  to  keep  them  within  low  values.  It  does 
not  seem  to  the  writer  that  it  is  well  to  minimize  these  stresses,  for 
that  would  tend  to  give  unwarranted  confidence  and  possibly  result 
in  overlooking  secondary  stresses  and  stress  measurements  in  cases 
where  they  might  otherwise  be  secured  and  thus  contribute  to  the 
store  of  knowledge. 

The  writer  would  like  to  ask  for  more  information  than  has  been 
given  in  the  paper,  concerning  the  distribution  of  stresses  in  different 
portions  of  the  members.  Easy  computations  from  the  data  in  Table  2 
show  the  average  intensity  of  the  stress  in  the  central  angles  to  be 
about  50%  greater  than  the  average  intensity  at  the  four  extreme 
angles  for  the  2-H,  or  last,  stage,  for  the  upper  end  of  Member  0-2. 
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Similar  conclusions  may  be  drawn  from  Table  4  for  the  upper  end  of  Mr. 
Member  4-6.  The  author  has  well  pointed  out  that  the  nature  of  the 
connections  tends  to  concentrate  the  stress  in  the  middle  portion  of 
the  member,  but  presents  only  average  values,  except  for  the  data  in 
Tables  1  to  4.  It  would  be  interesting  to  have  any  data  that  may  be 
available  for  particular  locations  in  regard  to  the  distributions  of 
stress  between  plates  and  angles.  The  writer  would  not  anticipate  any 
great  change  in  work  so  carefully  designed  and  constructed  as  this  has 
been,  but  feels  that  the  information  would  be  desirable. 

On  page  1051,  the  author  states  that  the  Howard  strain  gauge  is 
probably  the  simplest  and  most  accurate  field  instrument  for  meas- 
uring strains.  As  the  wi'iter  has  never  used  this  instrument,  he  is 
not  in  the  position  to  question  the  statement.  He  is  under  the  impres- 
sion, however,  that  more  information  may  be  secui^ed  from  the  quicker 
acting  Berry  strain  gauge  for  the  same  expenditure  of  time  and 
energy.  The  inference  drawn  by  the  writer  from  the  work  on  the  Hell 
Gate  Arch  Bridge  is  that  for  each  load  only  one  measurement  was 
recorded  for  each  gauge  length.  Possibly  this  has  been  verified  from 
several  readings  and  the  average  recorded.  The  writer  has  secured 
much  more  consistent  results  from  the  Berry  instrument  by  taking 
three  or  more  sets  of  readings,  with  change  of  dial  between  each  set, 
and  recording  all  the  results,  than  by  taking  all  the  readings  at  a  cer- 
tain point  consecutively  and  recording  an  average. 

James  E.  Howard,*  Esq.  (by  letter). — This  is  a  most  interesting  Mr. 
and  instructive  paper  on  the  results  of  measured  strains  on  a  structure 
of  magnitude,  which,  in  its  conception  and  execution,  occupies  the 
foremost  rank  in  engineering  works.  The  intelligent  care  which  was 
exercised  in  acquiring  the  experimental  data,  the  impartial  criticism 
of  this  method  of  measurement,  the  definition  of  its  proper  scope,  as 
well  as  its  limitations,  is  a  source  of  gratification  to  the  writer,  who 
believes  himself  to  be  the  one  who  inaugurated  this  simple  and  direct 
method  of  examination,  a  method  which  is  capable  of  furnishing  many 
useful  results  which  have  not  yet  been  placed  before  the  Engineering 
Profession. 

This  method  of  measured  strains  has  been  used  by  the  writer  in  the 
examination  of  the  dead-load  strains  in  bridges  of  large  span,  in  the 
structural  members  of  modern  buildings,  in  the  distribution  of  stresses 
in  the  sheets  and  across  the  seams  in  steel  boilers,  in  the  investigation 
of  the  internal  strains  in  steel  rails,  and  also  in  the  study  of  thermal 
effects  in  street  pavements.  On  dates  earlier  than  the  examples  just 
mentioned,  the  method  was  used  in  ascertaining  the  state  of  internal 
strains  in  steel  forgings,  in  railway  axles,  in  cold-rolled  shafting,  and 
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Mr.      also  the  residual  strains  in  steel  bars  after  over-straining'  loads  had  been 
Howard.  ,.     ,         ,       ,  , 

applied  and  released. 

This  method  of  examination  was  first  used  by  the  writer,  in  1886 
and  1887,  in  the  determination  of  the  internal  strains  in  steel  forgings, 
in  lieu  of  a  method  used  by  Gen.  Nicholas  Kalakousky,  of  the  Russian 
Artillery,  who  utilized  a  microscopic  cathetometer  for  the  purpose. 

The  use  of  drilled  and  countersunk  holes  for  defining  the  gauged 
lengths  enabled  such  lengths  to  be  established  and  preserved  against 
accidental  injury,  even  against  vicissitudes  of  street  traffic,  in  the  exam- 
ination of  street  pavements;  in  structural  members,  protection  is 
afforded  to  the  contact  surfaces  during  handling  and  erection,  in  addi- 
tion to  which  the  feature  of  permanence  is  present,  enabling  a  re-exami- 
nation of  the  gauged  lengths  after  the  lapse  of  time. 

A  reference  bar,  having  substantially  the  same  coefficient  of  expan- 
sion as  that  of  the  work  under  examination,  serves  its  purpose  as  a 
standard  of  length.  The  reference  bar  is  kept  at  the  same  temperature 
as  the  work,  whenever  it  is  practicable  to  do  so,  at  other  times  a  cor- 
rection for  the  difference  in  temperature  is  applied. 

Two  types  of  strain  gauges — or  transfer  instruments,  as  they  might 
be  termed — have  been  used:  one  is  adjustable  to  any  gauged  length 
from  1  in.  upward,  36  in.  being  considered  a  practical  maximum,  the 
other  being  represented  in  the  type  used  by  the  author.  The  adjust- 
able gauge  was  the  earlier  design.  It  was  intended  for  use  on  horizontal 
surfaces  or  those  nearly  so,  and  is  more  essentially  a  laboratory  instru- 
ment than  the  type  used  on  the  Hell  Gate  Arch  Bridge.  The  latter 
admits  of  being  used  in  different  positions. 

The  subject  of  measured  strains  is  one  which  is  particularly  attrac- 
tive to  the  writer,  as  it  appears  to  open  the  way  to  advance  knowledge 
relating  to  the  actual  conditions  or  states  of  strain  which  pertain  to 
engineering  structures  of  all  kinds.  Dead-load  strains,  equivalent  to 
20  000  lb.  per  sq.  in.,  have  been  observed  in  bridge  members.  Tempera- 
ture differences  have  been  responsible  for  stresses  of  several  thousand 
pounds  per  square  inch  in  large  members.  In  steel  rails,  wheel  pressures 
have  caused  the  introduction  of  internal  stresses,  exceeding  20  000  lb. 
per  sq.  in.,  in  the  head  of  the  rail  next  the  running  surface,  with  tensile 
components  in  the  interior  of  the  head,  stresses  which,  singularly, 
appear  to  have  been  overlooked  in  railway  engineering. 

It  is  felt  that  a  most  promising  opportunity  for  the  acquisition  of 
engineering  data  has  been  permitted  to  pass  unimproved,  or  has  been 
utilized  to  a  limited  degree  only,  in  the  few  examples  of  measured 
strains  in  engineering  structures.  It  is  with  great  pleasure,  therefore, 
that  the  writer  witnesses  the  presentation  of  this  valuable  paper  which 
was  provided  for  by  Gustav  Lindenthal,  M.  Am.  Soc.  C.  E.,  the  Chief 
Engineer  of  the  magnificent  Hell  Gate  Arch  Bridge. 


discussion:  stress  measurements,  hell  gate  arch    1087 


IsmouE  Delson,*  Assoc.  M.  Am.  Soc.  C.  E. — Several  years  ago,  the  Mr. 
Bridij-e  Department  of  New  York  City  completed  the  work  of  strength- 
ening the  end  spans  of  the  Williamsburg  Bridge  across  the  East 
River.  In  connection  with  this  work,  a  great  many  strain  observa- 
tions were  made  with  the  Howard  extensometer,  in  co-operation  with 
the  U.  S.  Bureau  of  Standards. 

The  speaker  desires  to  describe  here  especially  one  series  of  obser- 
vations which  seem  to  him  of  particularly  striking  interest,  inasmuch 
as  they  actually  assisted  in  the  diagnosis  of  a  perplexing  situation, 
and  pointed  out  the  safe  method  of  procedure  in  a  difficult  operation. 

As  indicated  in  Fig.  8,  the  end  span  trusses  were  supported  in  the 
lower  chord,  at  Panel  Point  L  29,  by  10-in.  pins,  by  which  the  reaction 
A\'as  transmitted  to  the  main,  that  is,  suspension,  span  of  the  bridge 
tiirough   the  panel   triangle,   L   29-U  ZO-L   30,   containing  the   tension 
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diagonal,  L  29-t/  30.  As  a  part  of  the  reconstruction,  it  was  required 
to  relieve  these  pins  of  their  loads,  to  remove  the  pins,  and  then  replace 
them  by  others  of  greater  diameter. 

At  each  truss  a  new  panel  triangle  (U  29-L  SO-U  30),  containing 
the  compression  diagonal,  U  29-L  30,  was  built  out  from  the  main 
span.  The  vertical  end  posts,  U  2d-L  29,  of  the  end  span  trusses  were 
connected  to  a  new  overhead  transverse  girder,  G,  which  was  sup- 
ported by  cast-steel  blocks  and  wedges  on  the  new  panel  points. 

The  relief  of  the  pins  was  effected  by  wedging  up  the  girder,  G, 
from  the  new  points  of  support,  and  the  end  spans  were  thus  made  to 
hang  from  that  girder.  As  the  old  tension  diagonals  were  being 
relieved  of  tension,  the  new  diagonals  were  being  compressed. 

Extensometer  points  had  been  established  on  the  old  tension 
diagonal,  and,  also,  on  the  new  members  before  their  erection. 

It  was  determined  by  computation  that  the  girder,  G  (and  the 
trusses  hung  from  it),  would  have  to  be  wedged  up  |  in.,  in  order  to 
relieve  the  pins  of  the  dead  load  re-action.     However,  when  this  wedg- 
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Mr.  ing  was  effected,  the  pins  absolutely  refused  to  budge.  The  wedging 
was  then  increased  to  1  in.,  and  still  the  pins  could  not  be  made  to 
move.  The  contractor  apparently  saw  no  other  way  but  to  continue 
this  wedging  process,  and  he  was  permitted  to  go  as  high  as  If  in., 
but  without  success. 

All  operations  were  followed  up  with  extensometer  observations  on 
the  members  affected,  but  particularly  on  the  diagonals.  The  results 
of  these  observations  convinced  the  engineers  of  the  Department  that 
the  contractor  was  on  the  wrong  tack.  Accordingly,  the  wedging-up 
process  was  stopped,  and  the  condition  was  restored  to  the  first  estab- 
lished |-in.  stage.  Then  the  pins  were  removed  by  cutting  them  in 
halves.  On  their  removal,  there  was  not  the  slightest  sensible  dis- 
location of  the  members  assembled  on  them,  which  verified  the  fact 
that  no  more  nor  less  than  the  actual  load  on  them  was  taken  off. 

The  reason  that  the  pins  could  not  be  rammed  or  pulled  out  was 
simply  that  they  were  rusted  and  scored  too  badly. 

The  following  are  the  results  of  the  extensometer  readings  for  one 
of  the  old  tension  diagonals,  and  one  of  the  new  compression  diagonals, 
at  the  Manhattan  side,  in  the  several  stages  of  loading.  These  results 
are  the  averages  of  all  readings  in  cross-section,  of  which  there  were 
six  in  the  old  diagonal  and  five  in  the  new  diagonal. 

Old  (tension)  diagonal,  L  29-U  30. — Cross-section,  98  sq.  in., 
gross. — Computed  dead-load  stress  in  member  at  time  of  initial  read- 
ings, 11  500  lb.  per  sq.  in. 

Apparent  relief  of  stress. — Averages  of  six  readings  in  cross- 
section. 

Stage  of  wedging.  .   fin.       1  in.       If  in.         fin.       After  removal 

of  pin. 
"Relief",  in  pounds 

per  square  inch..  11  300    13  600    16  600       11500  11600. 

New    (compression)    diagonal,    U  29-L   30. — Cross-section,    148   sq. 
in. — Computed  stress  for  dead-load  reaction,  6  400  lb.  per  sq.  in. 
Apparent  stresses. — Averages  of  five  readings  in  cross-section. 

Stage  of  wedging.  .   I  in.       1  in.       If  in.         fin.       After  removal 

of  pin. 
Compression,  in  pounds 
per  square  inch.    6  500       7  700    10  500         6  650  6  300. 

Attention  is  called,  not  only  to  the  close  agreement  of  the  computed 
stresses  with  those  disclosed  in  the  |-in.  stage,  but  also  to  the  fact  that, 
after  the  pins  were  removed,  there  was  no  change  in  the  stresses  of 
the  members,  showing  that  just  the  exact  amount  of  wedging  had  been 
applied. 
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It  should  be  noted  that  the  series  here  presented  is  rather  excep-     Mr. 
tional,  and  that  such  good  results  may  not  always  be  expected  from 
the  extensometer ;  but,  even  where  results  are  not  so  satisfactory,  they, 
as  a  rule,  would  be  close  enough  to  help  greatly  in  arriving  at  a  correct 
judgment  of  conditions  for  all  practical  purposes. 

GusTAV  LiNDENTHAL,*  JVT.  Am.  Soc.  C.  E. — A  fcw  words  may  be  added       Mr. 
to  this  able  paper  as  to  the  speaker's  reasons  for  having  the  erection 
stresses  measured,  as  related  by  the  author.     He  wanted  to  ascertain 
what,  if  any,  bending  stresses  remained  in  the  trusses  after  erection. 

The  speaker  had  in  mind  that,  during  the  erection  of  the  St.  Louis 
Arch  Bridge  (built  by  the  late  J.  B.  Eads  and  Henry  Flad,  Members, 
Am.  Soc.  C.  E.,  in  1870-74),  which  was  the  first  instance  of  erecting 
steel  arches  by  the  cantilever  method,  the  actual  erection  stresses  varied 
considerably  from  the  computed  ones.  During  erection,  the  fixed 
ends  of  the  arch  ribs  subjected  the  latter  to  temperature  stresses  which 
could  not  be  regulated  automatically.  Men  had  to  watch  and  adjust 
continuously,  day  and  night,  the  pressure  on  the  hydraulic  jacks  under 
the  erection  towers  on  the  piers  in  order  to  prevent  overstressing  the 
arch  ribs.  With  every  care,  the  adjustment  could  not  always  be  done 
promptly,  and  so  it  happened  that  the  secondary  stresses,  resulting  from 
the  bending  of  the  ribs  during  erection  and  after  the  closing  of  the 
arches,  remained  largely  unknowTi.  That  they  were  not  negligible  was 
shown  by  the  fact  that  after  erection  one  of  the  steel  tubes  forming  the 
chords  broke  at  the  joint  (and  was  replaced). 

In  addition  to  the  bending  stresses  from  erection  and  temperature 
changes  are  the  secondary  stresses  from  live  load.  These  stresses  must 
also  be  quite  large  in  the  St.  Louis  Bridge  from  the  alternating  flatten- 
ing and  bulging  of  the  ribs  at  the  quarters.  An  incidental  effect  of  this 
is  the  creeping  of  the  rails  (each  track  is  carried  by  two  ribs)  in  the 
direction  of  the  traffic  to  the  extent  of  12  in.  per  day.  Another  is  the 
excessive  straining  of  the  cross-diagonals  between  the  ribs,  when  one 
pair  of  ribs  flattens  and  the  other  pair  bulges  under  meeting  trains. 
That  this  bridge  has  stood  these  extraordinary  strains  thus  far  without 
failure  is  proof  of  the  excellent  quality  and  elasticity  of  the  crucible 
steel  in  the  chords.  If  the  strains  in  them  could  be  measured  (which 
they  cannot,  because  the  steel  staves  are  enclosed  in  an  envelope  of 
wrought  iron,  and  are  not  "get-at-able"),  it  would  be  a  most  instructive 
guide  in  other  arch  designs. 

In  the  design  for  the  Hell  Gate  Arch,  the  speaker  desired  to 
minimize  as  much  as  possible  the  secondary  stresses  (from  change  of 
form) .    One  way  of  doing  this  was  by  having  the  trusses  stiff. 

By  making  the  arch  deep  at  the  quarters  and  three-hinged  for  dead 
load  (which  in  this  case  is  40%  greater  than  the  live  load)  and  two- 
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Mr.  hinged  for  live  load,  it  could  be  arranged  to  avoid  reversal  stresses  in 
the  bottom  chord  altogether,  and  to  keep  th.e  range  (about  S  000  lb.) 
of  unit  stresses  from  minimum  to  maximum  compression  to  within  one- 
fourth  of  the  elastic  limit  for  compression  on  the  gross  net  section. 

A  further  means  of  minimizing  the  secondary  stresses  in  the  bottom 
chord  was  by  providing  against  excessive  edge  pressures  at  the  joints, 
as  described  by  the  author  and  also  by  Mr.  Ammann. 

In  this  respect,  the  Hell  Gate  Bridge  is  the  antithesis  of  the  St. 
Louis  Arch  Bridge  with  its  tube  sections  and  sleeve  connections  which 
are  more  subject  to  large  edge  pressures  than,  for  instance,  the  full 
contact  riveted  splices  in  the  shallow  ribs  of  the  Clifton  Arch  Bridge 
at  Niagara  Falls,  which  was  likewise  erected  by  cantilevering. 

The  object  of  the  strain  measurements,  as  related  by  the  author,  was 
fully  attained.  There  are  no  unknown  stresses  in  the  Hell  Gate  Arch 
structure. 

Mr.  John  I.  Parcel.'^  Esq.  (by  letter). — The  writer  has  read  this  very 

''"^^'  ■  able  paper  with  great  interest.  The  introduction  of  the  strain  gauge 
marks  a  definite  epoch  in  the  development  of  the  science  of  structural 
design,  and  the  remarkable  large-scale  experiment  which  this  paper 
reports  can  hardly  fail  to  encourage  a  much  more  extensive  application 
of  this  instrument  to  the  practical  problems  of  the  structural  engineer. 
Certain  of  the  author's  conclusions  on  secondary  stresses  seem  to 
the  writer  to  be  open  to  argument,  and  he  would  like  to  raise  a  few 
questions  regarding  them.  As  bearing  on  secondary  stresses  in  general, 
perhaps  the  two  most  important  conclusions  stated  in  the  paper  are: 

1. — Actual  secondary  stresses,  in  general,  will  be  less  than  the 
computed  stresses,  due  largely  to  a  constant  automatic  re-ad- 
justment of  the  internal  strains  tending  toward  the  relief 
of  secondary  stresses. 

2. — For  most  bridges  it  will  probably  be  satisfactory  to  provide 
for  secondary  stresses  by  an  allowance  in  the  specified  unit 
stresses  of  about  20%  of  the  total  primary  stress,  plus  3  000  lb. 

Perhaps  the  first  conclusion  is  entirely  sound,  but  some  question 
may  be  raised  as  to  its  deduction  from  the  data  of  this  experiment. 
Fig.  5,  as  the  author  explains  on  page  1066,  shows  the  curve  of 
measured  secondary  stress  approaching  the  calculated  curve  continu- 
ously from  Stage  1  to  Stage  6,  as  the  joint  condition  approaches  more 
nearly  the  rigidity  assumed  in  the  computation  of  secondary  stresses, 
diverging  again  as  a  release  of  direct  compression  permits  partial  hinge 
action  at  the  joints,  and  finally  crossing  above  the  calculated  curve 
after  Stage  12,  when  the  compression  is  so  great  that  the  joints  are 
completely  fixed.     At  the  final  stage,   2-i?,  when  the  primary  stress 

*  Associate  Professor,   Structural  Eng.,   Univ.   of  Minnesota,  Minneapolis,   Minn. 
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reaches  its  maximum,  the  average  measured  secondary  stress  is  more  Mr. 
than  twice  the  computed  value.  The  action  of  the  three-faced  butt 
joints,  in  concentrating  the  direct  stress  near  the  middle  of  the  section 
so  as  practically  to  nullify  the  bending  effect,  shows  a  remarkably 
happy  solution  of  the  problem  in  the  chords  of  the  Hell  Gate  Arch, 
but  it  remains  true  that  the  measured  bending  stresses  are  more  than 
double  their  calculated  value.  A.  H.  Fuller,  M.  Am.  Soc.  C.  E.,  has  '' 
pointed  out  that,  for  nearly  all  cases  where  the  primary  stress  is  greater 
than  3  000  lb.  per  sq.  in.,  the  measured  secondary  stresses  are 
greater  than  the  corresponding  computed  stresses.  Plate  XLIV  shows 
eighteen  measurements  for  secondary  stresses  where  the  measured 
primary  is  3  000  lb.  or  more,  and  in  all  but  two  cases  the  measured 
value  is  equal  to  or  greater  than  the  calculated  value.  For  the  final 
stage,  2-H,  the  average  of  the  computed  secondaries  is  6%  and  the 
average  of  the  corresponding  measured  values  13  per  cent.  That  these 
two  figures  are  fairly  comparable  is  indicated  by  the  author's  formula 
(page  1063)  where  he  takes  12%  as  an  average  value  for  secondary 
stress  proper — i.  e.,  that  induced  by  rigidity  of  joints  when  the  truss 
distorts  in  its  own  plane.  The  writer  cannot  help  feeling,  with  Pro- 
fessor Fuller,  that  this  point  is  of  more  significance  than  the  author 
seems  to  attach  to  it,  and  he  would  like  to  inquire  if  there  are  reasons, 
other  than  appear  on  the  surface,  for  minimizing  its  importance.  If 
not,  the  following  additional  conclusion  might  fairly  be  drawn;  "for 
the  higher  ranges  of  primary  stress,  the  actual  secondary  stresses  will 
probably  exceed  the  calculated  values  by  a  considerable  margin."  As 
in  all  ordinary  cases  it  is  only  the  secondary  stresses  that  co-exist 
with  the  maximura  primary  stresses  that  affect  the  design  of  the 
structure,  this  result  would  seem  more  significant  practically  than 
the  fact  that  the  higher  percentages  of  calculated  secondary  stress  are 
not  borne  out  by  the  test. 

The  second  conclusion  noted  above,  regarding  an  allowance  in  the 
specified  unit  stresses  of  20%  plus  3  000  to  cover  secondaries,  is  of 
interest  in  its  attempt  to  distinguish  between  the  two  kinds  of  secondary 
stress:  that  which  is  proportional  to  the  primary,  and  that  which  is 
independent  of  it,  a  method  which  seems  quite  logical  and  clearly 
justified  by  the  data  of  the  test.  But  it  may  well  be  asked  here  whether 
any  empirical  relation  based  on  averages  is  an  adequate  means  of  pro- 
viding for  secondary  stresses,  even  in  ordinary  structures.  Perhaps 
the  author  does  not  mean  the  formula  to  be  used  as  a  substitute  for 
calculations,  but  he  says,  on  pages  1063  and  1064: 

"It  is  recognized,  of  course,  that  a  rule  of  this  form  can  properly 
apply  only  to  structures  in  which  the  secondary  stresses  have  normal 
or  average  values.  Where  unusually  large  secondaries  may  be  antici- 
pated, these  should  be  given  special  investigation  and  attention." 
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Mr.  This    would   seem   to    imply   clearly   that   only    the   unusual    cases 

'  need  such  investigation.  To  the  best  of  the  writer's  knowledge,  some 
form  of  average  allowance  applied  to  all  members  is  the  common 
method  of  providing  for  secondary  stresses  in  most  structural  offices, 
except  for  very  large  structures  or  those  of  unusual  types.  None  the 
less,  such  a  practice  appears  to  the  writer  to  involve  a  serious  incon- 
'    sistency. 

Let  it  be  assumed,  first,  that  the  theoretical  calculation  of  secon- 
daries gives  results  even  roughly  reliable.  Now,  it  is  well  known  that 
standard  types  of  simple  trusses  of  moderate  span  will  show  effective 
secondary  stresses  (those  occurring  simultaneously  or  nearly  so  with 
maximum  primaries)  ranging  from  5%  in  some  members  to  50%  or 
more  in  others.  Take,  for  example,  the  396-ft.,  pin-connected,  Petit 
truss.*  This  is  fairly  typical  of  the  commonest  type  of  trusses  for 
spans  ranging  from  300  to  600  ft.  In  four  of  the  seven  top-chord 
members  the  effective  secondary  is  about  15% ;  in  the  others  it  is  more 
than  60  per  cent.  To  say  that  the  average  is  35%,  and  thus  design 
the  structure,  would  seem  quite  indefensible,  in  view  of  the  standard 
of  accuracy  maintained  in  the  calculation  of  primary  stresses. 

If  we  assume  that  theoretical  computations  for  secondaries  are 
wholly  untrustworthy,  and  thus  justify  reliance  on  an  empirical  formula 
for  ordinary  bridges,  how  are  we  to  rely  on  our  analysis  for  the  cases  ■ 
where  "exceptionally  large  secondaries  may  be  anticipated",  and  what 
basis  is  there  for  the  elaborate  and  very  expensive  correction  methods 
used  in  the  erection  of  the  Quebec  and  Sciotoville  spans,  methods  which 
have  been  referred  to  in  current  technical  literature  as  the  most  remark- 
able single  feature  of  these  great  engineering  projects  ? 

We  need  a  great  many  more  experimental  data  to  settle  the  question 
of  actual  versus  calculated  secondary  stresses,  no  doubt;  but  the  bulk 
of  the  evidence,  up  to  the  present,  would  seem  to  justify  considerable 
confidence  in  our  theory.  Most  previous  tests,  as  shown  by  the  author's 
citations,  show  fair  agreement  between  the  calculated  and  observed 
stresses.  In  how  far  the  large  discrepancies  in  the  test  under  discus- 
sion are  due  to  the  unique  conditions  of  the  structure  is  uncertain. 
The  author  evidently  feels  that  a  considerable  part  of  the  discrepancy 
is  due  to  a  relief  of  the  secondaries  by  re-adjustment  of  internal  strain, 
and  the  writer  does  not  care  to  dispute  this  point;  but  the  relatively 
close  correspondence  between  the  measured  and  calculated  curves  at 
Stages  5  and  6,  and  at  Z-H  and  2-H,  where  the  actual  condition  of  the 
joints  approaches  that  assumed  in  the  calculations,  seems  most  signifi- 
cant, and  until  we  have  more  definite  experimental  evidence  that  our 
theoretical  calculations  are  untrustworthy  is  it  not  worth  while,  even 


*  As  analyzed  in  the  Bulletin  of  the  American  Railway  Engineering  Association, 
January,  1914,  p.  4.54. 
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in  structures  of  ordinary  span,  to  provide,  at  least,  for  secondary  stresses    Mr. 
on  the  basis  of  some  approximate  analysis  ?  ^^^^  ' 

It  is  stated  on  page  1064  that  a  comparison  of  individual  values  of 
calculated  and  measured  secondary  stresses  is  not  very  illuminating 
because  of  the  many  disturbing  factors  which  would  tend  to  obscure 
the  systematic  variations.  The  writer  has  had  some  part  in  a  recent 
test  to  determine  some  of  the  secondary  stresses  in  the  518-ft.  riveted 
span  of  the  Norfolk  and  Western  Bridge  over  the  Oliio  River  at 
Kenova,  W.  Va.  This  test,  made  possible  by  the  generous  co-operation 
of  J.  E.  Crawford,  M.  Am.  Soc.  C.  E.,  Chief  Engineer  of  the  Norfolk 
and  Western  Railway,  was  in  no  wise  comparable  in  magnitude  to 
the  Hell  Gate  Arch  test,  the  principal  object  being  to  compare  the  com- 
puted with  the  measured  secondary  strains  under  service  loading 
at  a  few  typical  joints.     The  data  of  the  test  are  not  yet  completely 


Trimaryand  secondary  stressbs 

AT  JOINT  61-MEMBER  bi  Oi 

UNDER  SERVICE  LOADING 
Engine  at  6  j 


Caboose  atO  i 


This  gi'aph  is  a  diagrammatic  representation 
of  the  variation  oC  stress  as  the  train  moves 
across  the.span.  No  horizontal  scale. 


Notes;  Plus  percentages  indicate 
excess  tension  on  bottom  of , chord* 
Location  of  position  ol  train  ^ 
approximate. 


The  above  graph  is  for  a 
Coal  Train  on  near  trad 


Fig.  9. 

analyzed,  and  any  general  conclusions  deduced  would  be  premature. 
The  graphs  of  Figs.  9,  10,  and  11  are  fairly  typical,  as  direct  reductions 
of  field  data,  and.  the  writer  has  thought  they  may  be  of  some  interest 
to  members  of  the  Society  as  they  stand. 

Before  making  a  quantitative  comparison  with  calculated  values, 
the  data  must  be  corrected  for  the  location  of  the  instruments,  as  it 
was  never  practically  possible  to  take  readings  at  the  extreme  edge 
of  the  cross-section  or  the  extreme  ends  of  the  members.  These  cor- 
rections will  generally  result  in  greatly  increasing  the  secondary  stress 
percentages.  Before  the  test  was  made,  the  truss  was  analyzed  by 
joint  loads,  and  influence  lines  were  constructed.  These  showed  that 
the  bending  at  the  lower  chord  point,  h^,  maintained  the  same  direction 
for  all  loads,  and  that  the  maximum  secondary  occurred  at  full  loading, 
though  the  upper  chord  points,  G  and  F^,  at  bending,  reverse  during 
the  passing  of  a  single  load,  and  the  maximum  secondaries  occur  under 


1094    discussion:  stress  measurements,  hell  gate  arch 


Mr. 

Parcel. 


partial  loading.  This  effect  is  very  clearly  brought  out,  qualitatively, 
in  the  curve  shown.  Several  complete  sets  of  readings  were  taken  on 
each  joint  tested,  and  the  results  were  so  consistent  that,  when  the 
data  are  fully  analyzed,  it  is  hoped  that  a  joint-by-joint  comparison 
can  be  made  between  measured  and  computed  secondaries,  which  will 
be  of  some  interest  and  value  to  the  Profession. 
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Mr.  H.  M.  MacKay,*  M.  Am.  Soc.  C.  E.  (by  letter).— The  possibilities 

MacKay.  q£  ^j^g  Howard  gauge  and  other  extensometers,  as  a  means  of  investi- 
gating the  distribution  of  stress  in  structures,  do  not  seem  to  be  as 
widely  appreciated  as  they  should  be.  The  writer,  therefore,  welcomes 
this  valuable  paper,  not  only  for  the  information  it  contains,  but  because 

*  Montreal,    Que.,   Canada. 
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it  is  likely  to   attract  attention  to   a  method  of  investigation  which      Mr. 
deserves  to  be  used  far  more  frequently.  MacKay. 

The  author  states: 

"To  secure  full  information  as  to  the  distribution  of  stress  in  any 
member,  it  is  necessary  to  take  measurements  at  not  less  than  three, 
and  preferably  four,  points  of  the  cross-section  near  each  end  of  the 
member." 

The  writer  believes  that  a  considerably  greater  number  of  points 
are  usually  desirable  in  large  members ;  and  he  considers  the  statement : 
"The  intensity  of  stress  at  any  other  point  of  the  member  can  then  be 
found  by  planar  and  linear  interpolation,"  likely  to  prove  very  mis- 
leading. If  literally  accepted,  the  result  would  often  be  to  cast  doubt 
on  this  method  of  investigation.  In  the  case  of  box  members,  to  be 
sure,  and  other  members  with  rigid  transverse  webs,  such  interpolation 
might  often  give  fairly  good  results.  Nevertheless,  from  the  figures 
in  Tables  4  and  6,  several  instances  may  be  noted  where  the  omission 
of  the  observations  near  the  centers  of  the  webs  would  have  altered 
the  results  quite  appreciably.  Thus  in  Member  4-6,  Stage  10,  the  mean 
of  six  observations  gives,  at  the  lower  end,  a  stress  of  —  2  675  lb. 
per  sq.  in.  The  four  corner  measurements,  taken  by  themselves,  would 
give  —  3  037,  a  difference  of  nearly  14  per  cent.  Again,  considering 
Member  4-6,  Stage  2-H,  the  omission  of  the  readings  at  the  center 
of  the  web  would  have  given  average  stresses  of  —  9  710  and  • —  10  980, 
at  the  lower  and  upper  ends,  respectively,  as  compared  with  • —  10  250 
and  —  13  050,  obtained  from  the  mean  of  six  readings. 

In  the  case  of  latticed  members  and  others  in  which  the  component 
parts  are  less  rigidly  connected  than  are  those  of  the  lower  chord  of 
the  Hell  Gate  Arch,  the  importance  of  making  a  considerable  number 
of  observations  at  each  section  is  greater.  Fig.  12  shows  the  stress 
distribution,  at  two  stages  of  loading,  in  a  latticed  member  tested  by 
the  writer,  and  consisting  of  four  4  by  4  by  |-in.  angles  and  two  22  by 
§-in.  webs.  The  load  was  applied  through  7-in.  pins,  and  the  section 
represented  was  near  the  inner  end  of  the  pin-plates.  The  stresses 
are  plotted  on  an  elevation  of  the  member  from  a  base  line  at  the 
left  of  the  figure,  so  as  to  show  the  distribution  at  a  glance.  Taking 
E  as  29  000  000  lb.  per  sq.  in.,  we  have : 

Average  measured  stress.  ...         —  6  025         —  14  430 
Actual  stress —  6  380         —  14  720 

Although  the  pin-plates  were  of  ample  length  and  well  designed,  the 
concentration  of  stress  neiar  the  center  of  the  web  is  clearly  marked. 
Many  such  instances  might  be  given,  the  condition  being  quite  char- 
acteristic of  the  stress  distribution  near  the  ends  of  pin-connected 
members.  It  is  clear  that  in  such  cases  planar  interpolation  from 
three  or  four  points  would  give  very  misleading  results. 
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Mr.  Fig.  13  shows  the  stress  distribution  in   a  similar,  but  somewhat 

*^'  heavier,  member.  The  full  lines  indicate  the  stresses  over  a  10-in. 
gauge  length,  at  the  center  of  which  a  transverse  diaphragm  is  inserted ; 
the  dotted  lines  show  the  stresses  over  the  same  gauge  length,  the 
center  of  which  is  10  in.  from  the  diaphragm.  Fig.  14  indicates  the 
relative  positions  of  the  lattice  bars,  diaphragm,  and  points  of  measure- 
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COMPARATIVE  STRESSES  AT  DIAPHRAGM  AND 
AT  ADJACENT  SECTION. 
Fig.    13. 

ment.  Under  compression,  the  tendency  of  the  lattice  bars  is  to  push 
the  ribs  apart,  and  the  restraining  action  of  the  diaphragm  sets  up 
bending  stresses  in  the  ribs,  which  are  clearly  indicated,  as  follows: 

Applied  load 9  240  lb.  per  sq.  in. 

Average  measured  stress  at  diaphragm ....   9  920    " 
"      10  in.  away 9120    " 

Applied  load 15  530    " 

Average  measured  stress  at  diaphragm.  . .  .17  630    " 
"      10  in.  away 15  770    " 
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All  measurements  were  taken  on  the  outside  of  the  ribs.  Although  Mt. 
the  diaphragm  was  designed  so  as  to  be  fairly  flexible,  it  increases  ^°  ^^■■ 
the  stress  in  the  rib  nearly  12  per  cent.  A 
shorter  gauge  length  would  possibly  indi- 
cate higher  bending  stress,  and  a  stiffer 
diaphragm  would  undoubtedly  increase  the 
effect.  Linear  interpolation  between  ob- 
servations taken  at  the  ends  of  a  member 
would  miss  such  tertiary  effects  altogether ; 
and  those  interested  in  stress  measure- 
ments cannot  be  too  often  reminded  that 
a  thorough  study  of  the  action  of  built-up 
members  demands  a  complete  survey  of 
the  whole  member. 

The  writer  cannot  share  the  apprehensions  of  those  who  consider 
the  Howard  gauge  too  defective  in  principle  to  give  good  results.  It 
is  not  easy  to  protect  external  holes  for  a  long  period  on  outside  work. 
Any  accidental  blow  in  the  vicinity  of  a  point  of  observation  may  vitiate 
the  results  for  comparative  purposes;  also,  the  writer  does  not  know 
of  any  entirely  satisfactory  material  for  plugging  the  holes.  Other 
proposed  methods,  however,  would  present  similar  difficulties.  If  the 
gauge  is  tilted,  the  contact  is  between  an  ellipse  and  a  circle,  and, 
provided  that  the  points  are  conical,  the  maximum  error  is  the  differ- 
ence between  the  semi-major  and  the  semi-minor  axes  of  the  ellipse. 
With  a  55°  point  and  a  hole  0.03  in.  in  diameter,  a  tilt  of  5°,  which  is 
extravagant,  would  allow  a  maximum  error  of  about  0.0001  in. 

F.  E.  Turneaure,*  M.  Am.  Soc.  C.  E.  (by  letter). — The  measure-  Mr. 
ments  on  the  Hell  Gate  Bridge  are  of  great  value,  not  only  in  con-  '^"'■"^*"'^^- 
nection  with  the  determination  of  stresses  in  that  structure,  but  also 
as  an  important  contribution  to  our  knowledge  of  the  amount  of 
secondary  stress  actually  existing  in  structures.  The  writer  does  not 
believe  that  it  will  ever  be  necessary  or  desirable  to  calculate  secondary 
stresses  in  the  ordinary  practice  of  bridge  design ;  but  he  does  believe 
that  their  consideration,  both  theoretically  and  experimentally,  in 
such  unusual  structures  as  the  one  imder  consideration,  is  of  very 
great  importance.  The  more  accurate  our  information  may  be  con- 
cerning the  various  kinds  of  stresses  which  exist  in  a  structure,  the 
more  safely  and  economically  can  such  a  structure  be  designed;  and, 
although  the  extra  margin  of  safety  required  to  take  care  of  uncalcu- 
lated  and  indeterminate  stresses  may  not  be  a  very  serious  matter 
in  structures  of  ordinary  size,  it  becomes  of  extreme  importance  in 
those  of  very  large  size.  Both  safety  and  economy  demand  that  as 
complete  knowledge  as  possible  should  be  obtained  concerning  all  the 
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Mr.  elements  involved.  Secondary  stress  is  one  of  those  elements;  and, 
although  ordinarily  not  as  large  as  the  primary  stress,  and  not  as 
readily  and  accurately  determined,  it  is,  in  many  cases,  quite  com- 
parable in  amount,  so  that  it  cannot  be  ignored  without  making  a 
very  large  allowance  in  the  margin  of  safety. 

Although  the  measurements  made  by  Mr.  Steinman  show  a  very 
considerable  discrepancy  between  the  calculated  and  observed  values, 
yet,  taking  everything  into  consideration,  they  constitute  a  very  satis- 
factory experimental  check  of  calculated  results.  Nor  is  it  surprising 
that  a  very  considerable  amount  of  the  secondary  stress,  as  measured, 
was  fovmd  to  be  caused  by  other  factors  than  the  bending  of  the 
members  in  the  plane  of  the  truss,  which  is  that  part  of  the  secondary 
stress  subject  to  calculation.  In  tests  made  by  the  writer,  the  same 
result  was  obtained  in  many  cases,  but  where  conditions  were  perfectly 
symmetrical,  the  experimental  and  calculated  results  agreed  very  well. 

It  does  not  seem  to  the  writer  that  it  is  quite  safe  to  draw  con- 
clusions relative  to  secondary  stresses  in  ordinary  trusses  from  the 
results  on  the  Hell  Gate  Arch.  It  is  apparent  that  the  arch  as 
designed  is  in  a  very  favorable  condition  relative  to  secondary  stresses 
when  under  either  full  dead  or  full  live  load.  Under  such  load  the 
main  arch  rib  or  lower  chord  receives  its  maximum  stress,  and,  there- 
fore, the  significant  secondary  stresses  in  this  member  will  be  those 
occurring  for  this  condition  of  loading;  but,  when  the  structure  is 
thus  loaded,  the  upper  as  well  as  the  lower  chord  is  in  compression, 
and  the  web  members  are  not  very  highly  stressed.  This  condition 
results  in  comparatively  low  secondary  stresses  in  the  chords,  much 
lower  relatively  than  those  which  occur  in  an  ordinary  truss  in  which 
the  lower  chord  is  in  tension  and  the  upper  chord  is  in  compression. 
In  the  latter  case  there  will  evidently  be  greater  distortion  of  joints 
than  where  the  chords  are  subjected  to  the  same  kind  of  stress.  As 
an  illustration  of  a  most  favorable  condition,  consider  the  legs  of  an 
elevated  water  tank  If  these  are  made  straight  and  are  centrally 
loaded  at  each  end,  there  will  be  practically  no  secondary  stress  except 
for  wind  pressure.  It  would  appear,  therefore,  that  the  secondary 
stress  to  be  anticipated  in  the  main  chord  of  the  arch  would  be  relatively 
small,  as  results  of  measurement  as  well  as  calculations  show  to  be  the 
fact.  Calculations  also  show  that,  for  a  live  load  covering  a  half  span, 
the  secondary  stresses  reach  fairly  large  values,  but  these  are  of  no 
particular  significance  for  the  main  chord,  as  the  primary  stresses 
for  this  condition  are  small.  It  will  be  noted  on  Plate  XLVI 
that  the  calculated  secondary  stresses  for  this  condition  of  loading 
reach  a  value  as  high  as  2  000  lb.  per  sq.  in.,  which  is  an  indication 
of  what  may  readily  occur  in  other  types  of  structures  where  the 
maximum  primary   stress  occurs   at  the  same  time.     It  would   seem, 
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therefore,  that  no  general  conclusions  can  be  drawn  from  these  calcu-  Mr. 
lations  and  measurements  which  can  be  safely  applied  to  other  types. 
It  probably  was  not  Mr.  Steinman's  intention  to  suggest  that  such 
application  could  be  made,  but  a  statement  on  page  1063  might  pos- 
sibly be  interpreted  in  this  direction.  His  suggested  figure  of  25% 
-|-  4  000  would  probably  cover  most  cases  of  well-designed  structures, 
but  the  writer  would  hardly  agree  with  his  suggestion  that  a  proper 
way  to  treat  the  matter  would  be  to  deduct  this  from  the  minimum 
elastic  limit  of  the  material  and  then  use  the  remainder  as  a  safe 
working  stress  for  bridge  members.  There  are  other  things  besides 
secondary  stresses  which  need  to  be  considered  in  determining  the 
working  stresses,  and  care  should  be  taken  to  make  one  step  at  a 
time.  If  it  is  found  that  the  secondary  stresses  in  any  particular 
structure  can  be  represented  safely  by  a  particular  percentage  of  the  ^ 
primary  stresses  or  a  percentage  plus  a  constant,  then  we  have  arrived  «< 
at  a  fair  value  of  the  maximum  fiber  strcbs,  and  are  much  better  pre- 
pared to  discuss  the  subject  of  working  stresses  than  if  no  estimate 
of  the  secondary  stresses  had  been  made. 

It  is  evident  that  secondary  stresses  are  much  more  serious  with 
respect  to  compression  members  than  tension  members,  and  the  pre- 
cautions taken  in  the  construction  of  the  Hell  Gate  Bridge  to  secure 
fairly  concentric  loading  of  segments  should  be  effective  in  preventing 
any  very  extreme  secondary  stress.  Assuming  the  pressures  along  the 
line  of  contact  of  the  webs  (one-third  of  their  width)  to  vary  as  much 
as  from  zero  at  one  edge  to  a  maximum  at  the  other,  the  greatest 
secondary  stress  which  could  be  produced  under  such  conditions  would 
be  approximately  35  per  cent.  It  was  to  be  expected  that  the  actual 
stresses  would  be  much  less  than  this. 

The  great  care  taken  in  the  design  and  erection  of  the  Hell  Gate 
Arch  and  the  special  precautions  observed  in  other  large  structures  of 
recent  design  show  the  increasing  appreciation  of  the  importance  of 
scientific  methods  of  design  and  accurate  fabrication  of  important 
structures.  Where  such  conditions  prevail,  the  objection  to  the  use  of 
statically  indeterminate  structures,  which  has  been  so  general  in  the 
past,  loses  its  force,  and  there  would  seem  to  be  no  reason  for  excluding 
such  forms  of  structure  where,  for  other  reasons,  they  are  desirable. 
These  are  often  called  indeterminate  structures,  but  such  is  not  the  case. 
They  are  simply  statically  indeterminate,  and  the  calculation  of  the 
stresses  requires  a  little  more  work  than  for  structures  that  are  statically 
determinate.  The  results  of  calculation,  also,  are  not  quite  so  accurate, 
as  they  are  affected  somewhat  by  temperature  variations  and  inaccu- 
racy of  fabrication;  but  they  have  exactly  the  same  degree  of  accuracy 
as  the  calculations  of  deflections  of  statically  determinate  structures, 
and   it   is  well   known  that   deflection   calculations   are   very   reliable. 


1100    discussion:  stress  measuremexts,  hell  gate  arch 
Mr.        Tlie  same  comments  hold  true,  to  a  large  extent,  with  reference  to 


Tariieaure. 


Jacoby. 


secondary  stress,  and  such  stresses  are  just  as  much  a  real  part  of 
the  total  stress  which  may  prevail  in  any  fiber  of  a  member  as  the 
primary  stress;  and  they  are  just  as  certain  to  exist  as  it  is  certain 
that  the  structure  will  deflect  under  load.  The  accuracy  of  their  deter- 
mination, however,  is  not  so  great  as  that  of  the  primary  stresses,  on 
account  of  the  indeterminate  effect  of  temperature  variations  and  of 
joint  plates,  rivets,  and  other  details. 

The  very  excellent  and  painstaking  work  represented  by  this  paper 
sliould  be  an  example  of  what  can  be  done  in  the  scientific  treatment 
of  important  structures,  and  the  value  of  the  results  secured  should 
serve  as  a  strong  incentive  to  other  engineers  to  conduct  similar  inves- 
tigations. 

Mr.  Henry  S.  Jacoby,*  Assoc.  Am.  Soc.  C.  E.  (by  letter). — By  having 

stress  measurements  made  on  the  Hell  Gate  Arch  Bridge  during  its 
erection,  an  important  service  has  been  rendered  to  the  Engineering 
Profession.  The  design  of  bridges,  as  well  as  other  structures,  cannot 
be  carried  out  with  the  highest  regard  for  both  security  and  economy 
without  the  aid  of  continuous  scientific  investigation.  When  obser- 
vations are  made  on  an  actual  structure,  especially  one  in  which  the 
members  are  so  large  and  where  the  resources  of  construction  in  equip- 
ment and  workmanship  are  taxed  to  a  much  higher  degree  than  usual, 
the  results  are  of  far  greater  value  than  laboratory  experiments  could 
possibly  give. 

The  Chief  Engineer,  Mr.  Lindenthal,  therefore  merits  the  appre- 
ciation of  every  engineer  who  is  actively  interested  in  the  progress  of 
bridge  design  and  construction,  for  deciding  to  take  advantage  of  this 
unique  opportunity.  If  a  larger  number  of  engineers  in  charge  of  con- 
struction were  willing  to  combine  a  relatively  small  amount  of  scientific 
research  with  important  works  in  construction,  the  rate  of  engineering 
progress  would  be  materially  increased.  The  value  of  the  results  thus 
secured,  under  wise  direction,  may  be  far  greater  than  the  extra  finan- 
cial outlay  involved.  The  author  deserves  credit  for  the  systematic 
form  in  which  the  paper  is  presented.  It  is  gratifying  to  learn  that 
the  actual  secondary  stresses  were  found  to  be  lower  than  the  com- 
puted values. 

As  a  part  of  this  discussion  it  may  be  interesting  to  present  the 
computed  secondary  stresses  in  a  two-hinged,  spandrel-braced  arch 
with  cantilever  arms.  The  design  of  the  arch  and  of  the  adjacent 
suspended  spans,  a  critical  discussion  of  various  methods  for  determin- 
ing the  primary  stresses,  and  the  computation  of  the  secondary  stresses, 
were  presented  to  the  Faculty  of  the  Graduate  School  of  Cornell  Uni- 
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A'ersity  as  a  thesis  for  the  degree  of  M.  C.  E.  by  Mr.  Thomson  Mao 
in  June,  1917. 

The  general  dimensions  of  the  trusses,  and  the  dead  panel  loads, 
expressed  in  kips  or  units  of  1  000  lb.,  are  showai  in  Fig.  15,  and  the 
notation  used  for  the  truss  members,  the  live  panel  loads,  and  the  joints, 
is  shown  in  Fig.  16.  The  live  panel  loads  on  the  right  half  of  the  arch 
are  7,  8,  9,  10,  11,  and  12;  those  on  the  right  cantilever  are  11'  and 
10'.  Various  properties  of  the  truss  members  required  in  the  computa- 
tions are  given  in  Table  7.  The  revised  primary  stresses  in  the  mem- 
bers of  the  half  arch  and  a  cantilever  arm  are  given  in  Table  8.  The 
live  panel  load  per  truss  is  141.6  kips,  the  panel  load  2'  at  the  end 
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Half  Span  of  Two-hinged  Arch 

general  dimensions, and  dead  panel  loads. 
Fig.  15. 


NOTATION  OF 
MEMBERS,  PANEL  LOADS,  AND  JOINTS. 


Fig.   16. 

of  the  cantilever  being  445.8  kips,  of  which  375.0  kips  equals  the  reac- 
tion of  the  suspended  span.    The  impact  was  computed  by  the  formula, 

300  ;S         .       ,  .  ,    r  ■     .     ■ 
^^(OAA    \     T\'  "^  ""'hich  I  IS  the  impact  stress,  S  is  the  live-load  stress, 

and  L  is  the  loaded  length  producing  the  greatest  live-load  stress.  The 
stresses  due  to  temperature  were  computed  for  a  range  of  dz  75°  from 
the  mean.  The  wind  stresses  were  found  to  be  less  than  25%  of  the 
other  stresses,  except  in  the  two  upper  chord  members  of  the  cantilever 
arm.  These  two  members  have  a  large  excess  of  section,  as  the  sec- 
tion of  the  upper  chord  is  the  same  for  five  panels. 
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*  c  =  distance  of  outer  fiber  from  neutral  axis,  and  I  =  length  of  member. 
t  Upper  side  of  member. 
%  Lower  side  of  member. 

The  secondary  stresses  were  determined  by  what  is  known  as  Mohr's 
method,  in  which  displacement  diagrams  are  constructed  to  find  the 
change  in  slope  of  truss  members.  In  applying  the  method,  it  was 
planned  to  find  the  primary  stresses  in  all  the  members  of  the  arch 
and  its  two  cantilever  arms  for  a  load  of  1  hip  at  each  of  the  panel 
points  from  one  end  to  the  center  ©f  the  span.  As  the  secondary  stresses 
are  directly  proportional  to  the  magnitude  of  an  external  load  in  any 
given  position,  labor  was  saved  by  choosing  the  vertical  loads  at  differ- 
ent panel  points  so  as  to  give  a  vertical  upward  reaction  of  1  kip  at 
the  left  support.  Ten  cases  were  taken.  In  the  first  case  the  stresses 
were  found  for  a  horizontal  reaction  of  1  kip;  in  the  other  nine  cases 
the  stresses  were  found  for  vertical  loads  as  follows :  1  kip  for  panel  load 
No.  0 ;  2  kips  for  panel  load  No.  6 ;  2.4  kips  for  No.  7 ;  3  kips  for  No.  8 ; 
4  kips  for  No.  9 ;  6  kips  for  No.  10 ;  12  kips  at  No.  11 ;  12  kips  upward 
for  No.  11';  and  6  kips  upward  for  No.  10'.  The  stresses  for  a  panel 
load  of  1  kip  at  each  panel  point  were  found  from  the  foregoing  by 
combining  the  stresses  due  to  corresponding  vertical  and  horizontal 
reactions. 

After  the  values  of  various  terms  required  by  Mohr's  method  for 
secondary  stresses  were  obtained,  the  equations  were  formed  for  every 
joint  of  the  truss  for  each  case  of  loading.  Accordingly,  it  was  neces- 
sary  to  solve  ten   sets  of  thirty-four   simultaneous   equations.     They 
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+    53.3 

—  660.4 

+  177.1 


—  71.1 

—  346.1 

—  94.3 

—  56.9 

+  82.5 
4-  40.7 
+    56.9 

—  568.3 
+.109.0 


—  67.7 

—  312.7 

—  75.2 

—  57.4 

+  47.9 
+  26.1 
+    57.4 

—  513.0 

+    63 


T'4 


64.0 
331.5 
95.9 

4S.8 


+    37.1 
+    48.8 


—  540.2 
+  115.7 


Us 


—  53.7 

—  376.8 

—  115.2 

—  21.6 

+  189.7 
+  69.5 
+    21.6 

—  567.3 
+  237.1 


-  41.8 
-141.6 

-  73.2 
0 

0 
0 
0 

-256.6 

-  41.8 


Note. — All  stresses  are  expressed  in  kips,  or  units  of  1  000  lb. 

were  solved  by  the  method  of  Gauss,  as  they  have  the  same  form  as  the 
normal  equations  in  geodesy.  This  fact  was  first  noted  by  Mr.  Jose 
Paez,  a  graduate  student  at  Cornell  University  in  1912-13,  who  com- 
bined a  minor  in  geodetic  engineering  with  his  major  subject  in  bridge 
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Mr.  engineering.  Mr.  Paez  wrote  a  thesis  on  secondary  stresses  in  which 
he  made  a  critical  comparison  of  all  known  methods  for  their  compu- 
tation, and  applied  each  of  them  to  the  same  truss.  He  also  discovered 
an  additional  approximate  method.  By  the  method  of  Gauss,  the 
solution  of  the  equations  becomes  quite  mechanical,  and  may  be 
checked  at  every  step  of  the  process.  This  method  of  solution,  there- 
fore, has  a  great  advantage  over  any  other. 

Mr.  Mao  made  an  additional  simplification  of  the  solution  by 
numbering  the  joints  in  the  left  half  of  the  truss  as  shown  in  Fig.  16, 
and  numbering  those  in  the  right  half  of  the  truss  so  that  the  sum  of  the 
numbers  for  two  symmetrical  joints  is  35,  or  one  more  than  the  total 
number  of  joints.  By  arranging  in  a  table  with  cji^  to  <^3^  at  the  tops 
of  the  columns  from  left  to  right,  ^3^  to  <^^  at  the  bottom,  the  numbers 
of  the  joints  from  1  to  34  on  the  left  side  from  top  to  bottom,  and  the 
numbers  34  to  1  at  the  right  side,  Mr.  Mao  found  that  the  coefficients 
were  not  only  symmetrical  with  respect  to  a  diagonal  from  the  upper 
left  corner  to  the  lower  right  corner  of  the  table,  but  also  with  respect 
to  the  horizontal  between  the  numbers  17  and  18.  This  arrangement 
saves  nearly  half  the  labor  by  reducing  it  to  18  equations  instead  of 
34;  it  requires  a  table  only  one-fourth  as  large  as  otherwise,  so  far  as 
coefficients  only  are  concerned;  makes  a  further  saving  in  work  in 
substitutions  after  some  of  the  values  are  found,  as  one  substitution 
gives  the  coefficients  of  two  unknowns,  the  sum  of  the  subscripts  of 
which  equals  35 ;  it  reduces  the  chance  of  making  errors,  as  the  number 
of  terms  to  be  considered  is  only  half  as  large  as  otherwise;  gives  a 
more  accurate  result  by  avoiding  so  long  a  series  of  substitutions  in 
finding  the  values  of  the  first  few  unknowns ;  and  saves  time  in  verify- 
ing the  check  terms. 

Fig.  17  gives  the  secondary  stresses  in  the  members  of  the  arch 
truss,  expressed  as  percentages  of  the  corresponding  primary  stresses, 
the  loading  being  such  as  to  cause  the  maximimi  and  minimum  live- 
load  stresses,  those  for  positive  primary  stresses  being  shown  in  the 
upper  part  of  Fig.  17,  and  those  for  negative  primary  stresses  in  the 
lower  part.  The  secondary  stresses  are  for  the  top  and  bottom  fibers 
of  the  upper-chord  members,  for  the  top  fibers  of  the  diagonals  and 
lower-chord  members,  and  for  the  outer  fibers  toward  the  center  of  the 
span  in  the  verticals. 

As  the  members  of  the  cantilever  arm  have  primary  stresses  due 
only  to  one  or  two  live  panel  loads  on  the  cantilever  arm,  and  the 
secondary  stresses  are  caused  by  panel  loads  over  the  entire  length 
of  the  truss,  it  is  necessary  to  give  two  sets  of  percentages  for  these 
members.  One  of  these  is  the  percentage  of  the  primary  stress  for  the 
maximum  secondary  stress  in  tension,  and  the  other  for  that  in  com- 
pression.   As  V^'  has  no  primary  stress  due  to  vertical  loads,  the  values 
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Mr.      for  its  secondary  stresses  are  given  as  percentages  of  the  primary  stress 
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in  L\',  as  both  members  have  the  same  composition  and  section  area. 

It  must  be  remembered  that  the  values  given  in  Fig.  17  are  not  all 
simultaneous,  although  a  few  of  them  are.  To  study  the  effect  of  sec- 
ondary stresses  on  the  design  of  any  structure,  it  is  most  important 
to  know  the  additional  stresses  thus  produced  when  the  primary  stress 
in  each  member  is  either  a  maximum  or  a  minimum.  An  examination 
of  these  figures  shows  that  in  the  arch  proper  the  secondary  stresses 
in  the  upper  chord  do  not  exceed  2.56% ;  in  the  lower  chord  0.85% ; 
in  the  diagonals  0.75% ;  and  in  the  verticals,  exclusive  of  V^,,  4.28  per 
cent.  The  vertical,  V^,  receives  no  primary  stress  except  from  panel 
load  No.  6,  hence  two  sets  of  secondary  stresses  are  given,  one  the 
greatest  positive  and  the  other  the  greatest  negative  stress.  Both  sets 
really  belong  to  the  lower  part  of  Fig.  17,  as  T'^g  has  no  positive  primary 
stress ;  but  one  set  is  tran-sferred  to  the  upper  part  of  Fig.  17,  so  as  to 
facilitate  comparison  with  the  stresses  in  other  verticals.  In  the  canti- 
lever arm  the  greatest  secondary  stress  is  4.51%,  except  in  U/,  in  which 
it  is  6.65  per  cent.  In  U/  however,  there  is  no  primary  stress  due  to 
vertical  loads,  as  stated  in  a  previous  paragraph. 

In  computing  the  secondary  stresses,  it  is  always  assumed  that  at 
any  joint  the  angles  between  the  tangents  to  the  elastic  lines  of  mem- 
bers which  meet  at  that  joint  remain  unchanged.  It  would  be  very 
desirable  to  have  some  measurements  taken  to  determine  whether  this 
assumption  holds  true  when  a  truss  with  riveted  joints  is  deformed 
under  moving  loads. 

O.  H.  Ammann,*  M.  Am.  Soc.  C.  E.  (by  letter).— The  analysis  of 
the  painstakingly  recorded  stress  measurements,  made  by  Mr.  Stein- 
man,  may  lead  the  uninitiated  reader  to  overlook  the  important  fact 
that  he  has  to  do  with  an  extremely  special  case,  which  may  not  repeat 
itself  in  the  history  of  bridge  construction.  The  author  is  led  to 
conclusions  relative  to  secondary  stresses  which,  in  the  writer's  opinion, 
are  .'Jomewhat  too  far  reaching. 

The  case  is  that  of  the  bottom  chord  of  an  arch  of  unusual  propor- 
tions. The  chord  itself  has  an  unusual  section  in  size  and  shape. 
The  joints  of  the  chord  members  are  unique,  and  the  method  of  assem- 
bling the  trusses,  their  erection,  and  the  method  of  replacing  the  drift- 
pins  with  rivets — all  of  which  features  largely  affect  the  secondary 
stresses — are  so  special  that  it  is  hardly  conceivable  how  conclusions 
can  be  drawn  applying  to  arch  trusses  as  a  type,  and  even  to  bridge 
structures  in  general.  Furthermore,  only  the  dead-load  stresses  have 
been  investigated. 

This  is  in  no  way  meant  to  lessen  the  value  of  the  measurements 
or  the  presentation  of  the  results;  on  the  contrary,  if  the  conclusions 
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drawn  by  the  author  are  taken  to  apply  strictly  to  the  case  under  inves-       Mr. 
tigation,  or  to  very  similar  cases,  they  are  infinitely  more  valuable  than 
if  generalized. 

It  may  not  be  amiss  to  state  here  briefly  the  development  of  this 
investigation,  with  which  the  writer  has  been  in  intimate  touch  since 
its  inception. 

When  Mr.  Lindenthal  first  mentioned  to  the  writer  his  intention 
of  making  strain  measurements  on  the  Hell  Gate  Arch,  the  simple 
object  to  be  attained  was  to  determine  in  how  far  the  stresses  in  the 
statically  indeterminate  structure  would  agree  with  those  calculated. 
Incidentally,  the  actual  bending  stresses  due  to  the  rigid  joints  were 
to  be  obtained.  This  naturally  referred  to  the  live-load  stresses  in  the 
completed  statically  indeterminate  two-hinged  arch,  because,  up  to  that 
time,  no  measurements  of  dead-load  stresses  were  known  to  have 
been  made,  and  it  was  questionable  whether  any  of  the  existing  instru- 
ments would  be  suitable  for  that  purpose. 

After  preliminary  investigation,  however,  the  measurement  of 
dead-load  stresses  was  found  to  be  feasible.  In  view  of  the  fact  that 
such  stresses  form  the  greater  portion  of  the  total  stresses,  the  pro- 
gramme was  enlarged  to  embrace,  not  only  the  final  dead-load  stresses, 
but  also  those  at  the  various  erection  stages.  The  derivation  of  the 
actual  secondary  stresses  from  those  measured  was  a  secondary  develop- 
ment. 

It  was  realized,  however,  that  to  carry  this  programme  through 
completely  for  the  two  arch  trusses  would  require  an  excessive  sacrifice 
of  time  and  expense.  It  was  decided,  therefore,  to  confine  the  measure- 
ments to  a  number  of  bottom  chord  members,  in  view  of  their  pre- 
ponderant importance  and  unusual  features.  Even  the  programme 
as  carried  out  involved  considerable  expenditure,  and  Mr.  Lindenthal 
cannot  be  given  too  much  credit  for  having  taken  this  burden  on  his 
own  shoulders  for  the  sake  of  scientific  research. 

The  important  facts  established  beyond  question  by  the  investiga- 
tion are  the  following:  "^ 

1. — The  measurement  of  dead-load  stresses  is  feasible,  and,  for 
practicable  purposes,  gives  sufficiently  close  results,  provided  the  stresses 
are  large  enough  so  that  the  personal  factor  and  other  disturbing 
elements  incidental  to  the  measurements  become  comparatively  neg- 
ligible. 

The  measurements  made  are  a  fair  check  on  the  final  stress  con- 
dition from  dead  load  in  the  bottom  chord  of  the  Hell  Gate  Arch. 

2. — The  secondary  stresses  are  measurable,  but  their  complete  deter- 
mination, and  particularly  that  of  the  effect  of  the  various  influences, 
such  as  method  of  erection,  type  of  joints,  method  of  replacing  drift-pins 
by  rivets,  etc.,  requires  far  more  numerous  measurements  than  have 
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Mr.  been  feasible  -without  undue  cost  in  the  ease  of  such  a  large  structure 
'  as  the  Hell  Gate  Bridge.  For  this  reason  only  hypothetical  conclu- 
sions can  be  drawn  from  these  measurements  as  to  the  magnitude 
of  secondary  stresses  in  arch  trusses  and  bridge  structures  in  general. 

The  measurements  have  corroborated  the  expectation  that  the 
secondary  stresses  in  the  bottom  chords  of  the  Hell  Gate  Bridge  are 
negligible,  that  is,  are  more  than  covered  by  the  margin  of  safety  of 
the  primary  stresses. 

3. — The  measurements  have  proved  the  expected  favorable  action 
of  the  three-face  joints  of  the  bottom  chord,  with  regard  to  avoiding 
dangerous  edge  pressures  and  reducing  the  secondary  stresses. 

One  important  object  has  not  been  accomplished,  namely,  the  deter- 
mination of  the  actual  stresses  in  the  statically  indeterminate  struc- 
ture. The  dead-load  stresses  are  statically  determinate — at  least,  very 
nearly  so — because  such  stresses,  superimposed  after  the  trusses  were 
converted  from  two-hinged  to  three-hinged  arches,  are  very  small.  In 
the  writer's  opinion,  it  is  highly  desirable  that  the  measurements  be 
continued  so  as  to  embrace  the  statically  indeterminate  live-load  stresses. 
They  would  furnish  valuable  additional  information.  As  the  expense 
for  such  further  investigation  is  too  heavy  for  an  individual  engineer, 
it  should  be  carried  out  either  by  the  United  States  Bureau  of  Standards 
or  by  an  Engineering  Society  in  co-operation  with  the  railroad. 

Mr.  C.  A.  Eandorp,*  M.  Am.   Soc.   C.  E.   (by  letter). — Few  engineers 

have  had  the  experience  or  the  opportunity  of  conducting  tests  of  the 
importance  and  magnitude  of  those  described  in  this  paper;  therefore, 
few  can  speak  with  authority  on  the  subject. 

In  reviewing  the  results  obtained  by  the  author,  the  writer  has 
been  impressed  with  regard  to  two  points  which  seem  to  be  most 
important,  namely,  the  accuracy  of  the  measuring  instrument,  and 
the  accuracy  or  rather  inaccuracies  due  to  the  possible  varying  ductility 
of  the  steel  in  the  bridge. 

In  the  writer's  opinion,  a  micrometer  such  as  the  Howard  strain 
gauge  is  well  adapted  to  work  of  this  kind,  due  mainly  to  the  simplicity 
of  the  instrument,  which  minimizes  the  effect  of  the  personal  equation. 
The  writer  realizes  that  the  observer  must  exercise  extreme  care  in 
taking  the  readings,  and  must  have  had  experience  in  operating  the 
instrument,  but,  with  well-trained  men  as  observers,  the  probable  error 
due  to  the  instrument  and  its  operation,  will  be  less  than  the  actual 
fluctuating  results  due  to  the  varying  qualities  in  the  steel. 

The  stress  measurements,  however,  are  based  on  the  assumption 
that  the  modulus  of  elasticity  for  the  steel  used  in  this  bridge  is 
30  000  000 ;  undoubtedly,  this  value  is  more  or  less  variable,  although 
it  is  accepted  as  a  constant  term  in  formulas  where  the  elasticity  of 
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the  material  is  concerned;  but,  when  stresses  are  computed  from  actual      Mr. 
strain  measurements,  the  modulus  of  elasticity  of  the  material  should    ^^  °^ ' 
be  verified  by  special  tests,  if  possible,  in  order  to  ascertain  its  extreme 
variations.     It  is  evident  that  this  cannot  be  done  after  the  structure 
to  be  tested  has  been  erected;  but  it  can  be  done  when  the  regular 
tests  are  being  made  in  the  laboratory. 

The  ^vriter  refers  to  the  paper  by  O.  H.  Ammann,  M.  Am.  Soc. 
C.  E.,  giving  an  account  of  the  design  and  construction  of  Hell  Gate 
Bridge,*  in  which  is  given  a  resume  of  the  chemical  analysis  of  the 
steel  used,  indicating  a  variation  in  the  carbon  of  from  0.27  to 
0.34  per  cent.  This  would  have  a  direct  bearing  on  the  ratio  of  the 
unit  elongation  or  strain  to  the  unit  stress,  in  other  words,  the  modulus 
of  elasticity. 

A  certain  amount  of  variation  or  segregation  of  the  carbon  will 
occur  in  the  best  commercial  steels.  Manufacturers  have  adopted 
methods  to  eliminate  as  far  as  possible  the  unequal  distribution  of 
carbon  and  other  impurities,  but  the  art  of  making  steel  has  not  as 
yet  become  perfect. 

With  these  facts  in  mind, '  however,  it  would  seem  reasonable  to 
assume  that  the  author  did  arrive  at  quite  accurate  results,  inasmuch 
as  the  data  are  based  on  the  averages  of  a  great  many  extensometer 
readings. 

The  writer  believes  that  the  data  offered  in  this  paper  are  of 
inestimable  value  to  the  Engineering  Profession  and  well  worth  careful 
study  by  all  engineers  interested  in  bridge  construction. 

David  A.  MoLiTOR,t  M.  Am.  Soc.  C.  E.  (by  letter). — The  results  of     Mr. 
stress  measurements  presented  in  this  paper  certainly  merit  the  highest     ° '  °^' 
appreciation   from   the   Engineering   Profession.      Special   thanks   are 
due  to  Gustav  Lindenthal,  M.  Am.  Soc.  C.  E.,  for  his  keen  forethought 
and  insistence  on  proving  the  correctness  of  the  theoretic  stress  compu- 
tations in  this  monumental  structure. 

These  stress  measurements  undoubtedly  possess  great  scientific 
value,  and,  from  the  engineering  viewpoint,  it  would  seem  that  their 
main  purpose  should  consist  in  substantiating  the  correctness  of  modern 
methods  of  stress  analysis,  regardless  of  whether  these  are  simple  or 
complex,  so  long  as  the  results  of  stress  computations  can  be  accepted 
as  sufficiently  reliable  to  warrant  their  adoption  as  the  basis  for  safe 
designs.  In  the  event  that  stress  measurements  could  be  shown  to  in- 
validate the  results  obtained  from  modern  methods  of  analysis,  the  dic- 
tates of  conscience  should  prompt  us  to  search  farther  for  truths  not 
yet  discovered. 

The  author,  on  page  1047,  states:  "The  final  object  of  the  extenso- 
meter measurements  was  to  provide  a  comparison  between  the  calculated 
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Mr.  and  the  actual  secondary  stresses  in  the  structure."  He  then  mentions 
Mohtor.  ^^^^  peculiarities  in  the  design  and  methods  of  erection  and  riveting, 
concluding  with  the  statement:  "These  features,  separately  and  com- 
bined, modify  the  secondary  stresses  materially,  and  render  it  extremely 
difficult,  if  not  impossible,  to  arrive  at  the  true  secondary  stresses  by 
calculation". 

The  writer  did  not  find  any  reference  in  the  paper  which  would 

explain  how  any  of  these  features,  especially  the  three- faced  butt-joints, 

were   considered   in   the   secondary   stress   computations;    yet   on   this 

point  hinges  the  whole  question  of  how  close  an  agreement  could  be 

-      expected  between  actual  and  computed  secondary  stresses. 

These  features,  as  described  by  the  author,  and  applied  to  a  bridge 
of  this  type  (two-  or  three-hinged  braced  arch),  would  necessarily  re- 
sult in  very  small  secondary  stresses.  Therefore,  it  is  most  gratifying 
to  know  that  the  good  judgment  of  the  designer  was  verified  by  the 
stress  measurements  which  gave  secondary  stresses  averaging  about 
two-thirds  of  those  computed.  However,  the  50%  excess  of  the  com- 
puted over  the  measured  secondary  stpesses  may  have  been  due  to  the 
manner  of  computation,  if  the  three-faced  butt-joints  were  not  prop- 
erly considered. 

In  order  to  prove  or  disprove  the  correctness  of  the  more  accurate, 
methods  of  secondary  stress  computations,  a  more  suitable  structure 
would  have  been  a  simple  truss  with  subdivided  panels,  wherein  the 
secondary  stresses  usually  attain  high  values.  If  the  computed 
values  were  found  to  be  in  close  agreement  with  the  measured 
toiiioK  .stresses  for  such  a  structure,  a  fact  which  is  only  partly  substantiated 
at  present,  it  would  be  safe  to  conclude  that  the  methods  are  reliable 
for  bridges  of  all  types.  To  draw  such  a  conclusion  from  the  facts 
presented  in  the  paper,  however,  is  tmwarranted,  and  is  apt  to  mini- 
mize the  importance  of  the  question  of  secondary  stresses  in  ordinary 
bridges. 

The  author,  on  page  1063,  in  attempting  to  establish  conclusions 
for  guidance  in  specifying  extreme  working  stresses  for  bridge  mem- 
bers, offers  a  suggestion  which  no  doubt  would  meet  with  great  favor 
,  among  those  who  are  willing  to  take  a  chance  on  the  "factor  of  igno- 
[lance"  rather  than  familiarize  themselves  with  modern  methods,  which 
are  often  avoided  on  the  pretext  that  they  are  too  complicated  and 
laborious.  The  author  states  "that  a  rule  of  this  form  can  properly 
apply  only  to  structures  in  which  the  secondary  stresses  have  normal 
or  average  values",  but  fails  to  give  any  criterion  by  which  to  recognize 
such  structures;  neither  does  he  convey  any  good  idea  of  what  consti- 
tutes a  normal  value. 

The  writer's  practice  is  to  ascertain  the  maximum  total  stress  due  to 
dead-live-impact  loads,  plus   secondary  stress   and  temperature  effect, 
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if  nny,  and  then  design  the  member  for  the  allowable  unit  stress.     By      Mr. 
making  proper  allowances  for  live-load  stress  reversals,  he  aims  to  pro- 
duce a  design  of  uniform   strength  throughout,   for   100%   over-load 
in  live  plus  impact  loads,  without  exceeding  the  elastic  limit. 

The  ordinary  method  of  analysis,  used  by  the  author,  involving  the 
solution  of  a  series  of  simultaneous  equations  equal  in  number  to  the 
total  number  of  panel  points  in  the  span,  for  each  case  of  loading,  is 
admittedly  laborious,  and  might  have  been  somewhat  simplified. 

By  referring  to  any  treatise  on  secondary  stresses,  it  is  apparent 
that  the  theoretic  analysis  of  the  problem  is  quite  simple,  although  the 
numerical  work  is  laborious,  on  account  of  the  solution  of  the  final  set 
of  simultaneous  equations,  and,  as  stated  by  the  author,  "the  expediting 
of  the  entire  computation  depends  largely  on  the  method  selected  for 
solving  these  equations".  The  method  of  Gauss  is  often  used  to  obtain 
a  direct  algebraic  solution,  though  many  simplifications  have  been  sug- 
gested to  minimize  the  labor  involved  by  this  method.  The  method  of 
successive  approximations,  used  by  the  author,  has  some  merit,  though 
much  labor  is  still  required,  especially  when  the  process  is  carried  to 
the  third  approximate  values. 

In  view  of  these  facts,  it  would  appear  that  a  method  of  computing 
secondary  stresses  which  avoids  the  laborious  solution  of  a  set  of  simul- 
taneous equations  would  commend  itself  to  bridge  specialists  and 
students  of  this  subject. 

Such  a  method  has  been  given,  in  the  chapter  on  secondary  stresses, 
in  a  treatise*  by  the  writer,  but  seems  to  have  entirely  escaped  the 
attention  of  the  author  as  well  as  others  who  have  dealt  with  this  sub- 
ject. 

It  would  be  transgressing  the  rules  of  the  Society  to  quote  this 
analysis  here,  and  as  it  is  treated  very  exhaustively  and  illustrated  by 
a  complete  problem,  the  reader  is  referred  to  the  original  text.  A  very 
much  simplified  method  of  solving  symmetric  equations — known  in 
mathematics  as  equations  of  Clapeyron — is  also  given  on  page  294  of 
this  treatise,  where  the  solution  was  effected  with  a  10-in.  slide-rule. 
This  method  was  also  applied  by  the  writer  in  solving  normal  equations, 
up  to  fourteen  in  number,  and  with  the  same  slide-rule,  as  early  as 
1907;  hence,  the  discovery  by  Mr.  Jose  Paez,  announced  by  Professor 
Jacoby  in  his  discussion  of  this  paper,  was  antedated  by  at  least  5  years, 
and  possibly  by  more  than  40  years,  as  Mohr's  work  equations,  when 
applied  to  many  redundants,  become  identical  with  normal  equations. 

The  agreement  between  the  calculated  and  measured  values  of  the 
secondary  stresses  in  the  Hell  Gate  Arch  does  not  appear  to  be  very 
satisfactory,  from  a  scientific  standpoint,  though  the  disparity  is  not 
serious,  because  these  stresses  are  never  excessive  in  a  bridge  of  this 

*  "Kinetic  Theory  of  Engineering  Structures",  Chapter  XIII,  1911. 
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Mr.  type,  especially  when  extraordinary  conditions  are  introduced  for  the 
'  express  purpose  of  redtacing  them  still  further.  The  author,  on  page 
1065,  evaluates  the  relation  between  the  measured  and  calcvilated 
secondary  stresses  in  the  form  of  an  approximate  empiric  statement 
according  to  which  the  percentage  of  measured  stress  eqvials  half  the 
percentage  of  the  calculated  stress,  plus  15,  and  adds  that  the  factor,  i, 
would  probably  have  a  higher  value  in  other  structures.  Accordingly, 
one  or  the  other  value,  attributed  to  the  secondary  stress  in  any  member, 
must  be  radically  wrong.  That  is  to  say,  either  the  computed  secondary 
stresses  are  much  too  high,  owing  to  some  error  in  theory  or  its  appli- 
cation to  the  three-faced  butt-joints,  or  else  the  measured  stresses  are 
too  low,  for  some  reasons  not  discernible  from  the  data  presented. 

On  Plate  XLVII,  the  extreme  fiber  distance  for  the  lower  chord 
is  given  as  63.6  in.  for  Member  0-2,  Avith  diminishing  values  to  41.9  in. 
at  Point  22.  These  are  in  accordance  with  Fig.  4,  without  any  allow- 
ance for  the  three-faced  joints,  and,  if  these  distances  were  used  in  com- 
puting the  fiber  stresses  from  the  bending  moments,  Navier's  law  has 
been  violated,  and  the  resulting  stresses  may  easily  be  50%  too  high 
for  practically  all  cases  of  loading,  except  the  maximum  dead-live-im- 
pact load,  for  which  no  stress  measurements  were  made. 

On  the  other  hand,  the  location  of  the  extensometer  points  adjacent 
to  the  ends  of  a  member  may,  or  may  not,  give  maximum  fiber  stresses ; 
and  as  there  is  only  one  point  at  each  end  of  each  member  for  which 
the  fiber  stress  can  be  a  maximum,  there  is  great  likelihood  of  missing 
this  point  in  locating  the  points  for  measurements,  and  hence  the 
chances  for  obtaining  consistently  low  measured  fiber  stresses  are  very 
great.     For  the  direct  stresses,  this  danger  is  not  encountered. 

The  fundamental  equations  for  computing  secondary  stresses  are 
expressions  representing  the  relations  between  the  unit  direct  stresses 
and  the  angle  distortions  resulting  from  these  stresses,  for  every  tri- 
angle of  the  frame.  The  angle  distortions  are  thus  derived  on  the  as- 
sumption of  frictionless  pin  connections  between  all  members.  These 
angle  distortions,  thus  found,  are  then  assumed  to  represent  the  bending 
effects  in  the  members  which  are  prevented  from  taking  place  by  virtue 
of  rigid  riveted  connections  at  the  ends  or  joints.  Hence,  as  the 
material,  even  at  the  joints,  is  elastic,  and  not  rigid,  some  elastic  dis- 
tortion will  take  place  in  the  apex  angles  of  every  triangle,  the  extent 
of  which  will  depend  on  the  quantity  of  metal  and  riveting  used  in  the 
connecting  plates,  and,  whatever  this  may  be,  its  amount  will  be  lost 
in  the  production  of  bending  stresses  in  the  members  themselves.  For 
very  stiff  joints,  or  heavy  details,  this  will  be  a  small  quantity,  repre- 
senting an  error  on  the  side  of  safety  in  computing  the  secondary 
stresses.     Therefore,  the  computed  secondary  stresses  must  always  be 
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slightly  in  excess  of  the  actual  values,  but  the  error  is  relatively  small     Mr. 
and  not  in  a  class  with  the  findings  recorded  in  the  paper. 

The  actual  maximum  bending  stress  could  hardly  occur  at  the  ex- 
treme end  of  a  member,  but  would  be  developed  at  some  distance  back, 
near  the  edge  of  the  connecting  plate,  and  that  point  would  have  to  be 
located  very  accurately  in  order  that  the  measured  fiber  stresses  may 
be  accepted  as  a  true  measure  of  the  maximum  bending  stress.  This, 
again,  does  not  apply  in  the  same  way  to  the  direct  stress. 

Hence,  it  is  quite  evident  that  some  disparity  will  always  exist 
between  computed  and  measured  secondary  stresses,  without  casting 
any  serious  reflection  on  the  accuracy  of  either  value,  unless  the  doubt 
can  be  located  definitely. 

In  conclusion,  the  writer  expresses  his  sincere  appreciation  of  the 
author's  contribution  to  this  subject,  and  trusts  that  the  remarks  pre- 
sented herewith  may  be  accepted  in  the  sense  of  constructive  criticism. 

D.  B.  Steinman,*  M.  Am.  Soc.  C.  E.  (by  letter).— The  writer  Mr. 
wishes  to  take  this  opportunity  of  acknowledging  his  cordial  appreci-  ^^e'°"i^"- 
ation  of  the  courtesy  and  interest  of  all  those  who  have  discussed 
his  paper.  The  number,  range,  and  significance  of  the  discussions 
have  been  greater  than  were  anticipated  for  a  subject  in  so  new  a  field, 
and  the  interest  evinced  by  so  many  high  authorities  in  the  Profession 
has  been  gratifying. 

In  eliciting  this  series  of  valued  contributions  of  data  and  thought 
to  the  science  of  structural  stresses,  the  writer  feels  that  his  labors  in 
conducting  the  investigations  under  consideration,  and  in  analyzing 
and  reporting  them,  have  found  their  full  justification  and  reward. 

The  various  discussions  will  be  taken  up  in  the  order  in  which  they 
were  received  by  the  writer. 

Mr.  Powell,  in  commenting  (page  1077)  on  the  precision  of  the 
extensometer  measurements,  reports  that  he  has  found  it  difficult  in 
his  experience  with  gauges  to  take  readings  correct  to  a  tenth  of  a 
thousandth  of  an  inch. 

The  writer  does  not  claim  that  this  degree  of  precision  was  secured, 
nor  does  he  wish  to  minimize  the  difficulty  of  even  approximating  it. 
Throughout  the  work,  a  number  of  readings  were  taken  for  each  gauge 
measurement  until  the  results  appeared  to  be  consistent  within  two 
or  three  ten-thousandths  of  an  inch,  and  then  the  average  of  the 
last  three  or  four  readings  was  recorded.  The  proof  of  the  accuracy 
secured  by  this  procedure,  using  the  instrument  and  method  of  manipu- 
lation described  in  the  paper,  does  not  lie  in  abstract  considerations, 
but   in   the   actual  comparison   of  measurements   at  the  two   ends   of 

*  New  York  Cltj'. 
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Mr.       each  member,  or  of  observations  made  on  the  same  gauge  points  on 
Steinman.  ^-q^^,^^^^  ^ays. 

-/  Mr.  Powell  regards  as  objectionable  features  the  conical  measuring 
points  of  the  extensometer  and  the  conical  holes  for  the  insertion  of 
these  points.  It  is  true  that  these  would  give  rise  to  error  if  the 
instrument  were  not  held  square  to  the  holes,  but  this  is  a  precaution 
which  is  easily  observed;  moreover,  as  pointed  out  by  Professor  MacKay 
(page  1097),  a  slight  deviation  from  the  perpendicular  produces  an 
entirely  negligible  error. 

,,  The  question  of  getting  a  satisfactory  micrometer  ''feel"  with 
conical  points  bearing  against  the  inclined  sides  of  the  holes,  and  of 
the  difficulty  of  securing  a  thorough  cleaning  out  of  the  holes,  are 
also  raised  by  Mr.  Powell;  but  these  and  other  difficulties  were  fully 
recognized  by  the  writer  and  his  assistants,  and  necessitated  extreme 
care  in  every  phase  of  the  work.  It  may  be  stated  that  the  cleaning 
of  the  holes  before  each  measurement  usually  consumed  more  time 
than  the  actual  taking  of  the  readings;  but,  with  conscientious  and 
practised  observers,  using  every  possible  precaution,  the  effects  of 
the  above-mentioned  difficulties  were  minimized,  and  reliable  measure- 
ments were  secured. 

If  any  more  accurate  instrument  were  known,  or  any  better  method 
of  preparing  and  taking  care  of  the  gauge  points,  the  writer  would  have 
been  glad  to  adopt  it  for  the  Hell  Gate  Arch  observations.  The  sug- 
gestion made  by  Mr.  Powell  to  use  slightly  projecting  ball-ended 
cylindrical  studs,  instead  of  the  conical  holes,  with  an  ordinary  microm- 
eter replacing  the  Howard  instrument,  is  certainly  worth  trying;  but 
it  appears  doubtful  whether  it  would  yield  sufficient  increase  in  accu- 
racy to  justify  the  greater  labor  required  in  preparing  the  gauge  points. 
Moreover,  as  Mr.  Howard  suggests  (page  1086),  the  use  of  drilled 
holes  better  enables  the  gauge  lengths  to  be  preserved  and  protected. 

The  writer  is  grateful  to  Dr.  Waddell  for  his  kind  remarks  on  the 
value  and  imi)ortance  of  the  measurements;  and  heartily  endorses  his 
recommendation  that  the  experiments  on  the  Hell  Gate  Arch  .should 
be  completed,  so  as  to  include  the  effects  of  live  loads. 

Mr.  Frankland  suggests  an  interesting  programme  of  stress  inves- 
tigations, to  embrace  measurements  on  the  Quebec  and  the  Sciotoville 
Bridges,  and  the  completion  of  the  tests  on  the  Hell  Gate  Arch.  The 
undertaking  of  this  work  by  the  American  Society  of  Civil  Engineers, 
under  the  supervision  of  a  special  committee,  would  certainly  extend 
our  knowledge  of  stress  conditions,  and  develop  improvements  in  both 
design  and  construction. 

Professor  Waterbury  proposes  an  interesting  theory  to  account  for 
the  anomalous  results  found  by  the  writer  in  some  of  the  members  of 
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the   final    stage,   where   the   upper   end   uniformly   presented   a   larger       Mr. 
average  stress  than  the  lower  end.     Professor  Waterbury's  explanation 
of  the  possible  influence  of  the  order   in   which  the   drift-pins   may 
have  been  replaced  by  rivets  is  very  lucid,  and  is  one  of  the  theories 
which  the  writer  had  in  mind  when  he  wrote: 

''This  anomalous  result  appears  to  arise  from  some  unexplained 
disturbance  of  stress  distribution,  and  does  not  represent  any  error 
of  observation."  rjqiiioo  .'l<> 

If  Professor  Waterbury's  theory  is  correct,  there  still  remains  to 
be  explained  why  the  effect  described  was  confined  to  the  members 
near  the  end  of  the  span,  and  why  the  larger  resulting  stress  was 
invariablj^  found  at  the  upper  end  in  each  of  these  members. 

The  point  brought  out  by  Professor  Waterbury,  that  the  correct 
average  stress  at  a  cross-section  can  be  obtained  only  by  weighting 
each  stress  reading  in  proportion  to  the  area  of  metal  it  represents, 
was  recognized  by  the  writer  in  his  early  studies.  At  one  time,  as 
a  result  of  a  comparison  of  the  respective  areas  represented  by  the 
middle  and  the  corner  gauge  points,  the  rule  was  tried  of  giving  the 
middle  readings  twice  the  weight;  but  this  did  not  yield  as  consistent 
results  as  the  method  which  was  finally  adopted  of  simply  averaging 
the  six  readings  at  each  cross-section.  i 

Mr.  Hughes  submits  a  comparison  of  the  two  extremes  which  he 
has  observed  in  bridge  design  practice,  viz.,  excessive  and  sometimes 
meaningless  precision  in  computation  of  stresses  and  in  proportioning 
of  members,  on  the  one  hand,  as  contrasted  with  slipshod  and  skimpy 
detailing  of  members,  in  violation  of  the  fundamental  principles  of 
safety,  on  the  other.  JTo  one  will  take  exception  to  the  recommendation 
that  the  most  acceptable  practice  lies  between  these  two  extremes. 

When  Mr.  Hughes  advises  the  measurement  of  stresses  on  all  struc- 
tures in  which  there  may  be  imcertainty  of  condition  as  a  result  of 
erection  operations  or  eccentric  loading,  he  is  recommending  something 
highly  desirable  but  probably  impracticable.  The  work  of  taking  stress 
readings  is  expensive,  and  requires  carefully  selected  and  well-trained 
observers. 

The  writer  is  indebted  to  Dr.  Fuller  for  his  able  and  comprehensive 
discussion,  and  regards  the  latter's  close  study  of  the  paper  and  his 
careful  scrutiny  of  the  results  and  conclusions  as  a  high  compliment. 
This  contribution  eminently  succeeds  in  the  object  suggested  in  its 
opening  paragraphs  as  a  guiding  purpose  for  such  discussions,  namely 
to  "throw  even  greater  light  on  the  subject,  and  to  remove  the  last 
shadow  of  doubt  in  regard  to  the  interpretation  that  may  be  drawn." 

Dr.  Fuller  refers  to  the  writer's  statement  that  measured  secondary 
stresses  will  usually  be  lower  than  computed  ones.     The  only  exceptions 
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Mr.  to  this  rule  arise  when  there  are  special  circumstances  in  the  fabrica- 
■  tion  or  erection  of  the  structure  which  tend  to  increase  the  secondary 
stresses  in  a  manner  not  provided  for  in  the  computations.  An  example 
of  such  augmentative  factor,  in  the  case  of  the  Hell  Gate  Bridge, 
was  the  cantilever  method  of  erection;  this  unavoidably  gave  rise  to 
large  secondary  stresses,  which  persisted  after  the  structure  passed 
from  the  cantilever  to  the  three-hinged  condition.  There  was  no  way 
of  computing  the  effect  of  this  transition  in  advance  of  actual  test, 
consequently  the  secondary  stresses  in  Stage  S-H  exceeded  the  cal- 
culated values.  This  fact  was  frankly  displayed  in  Table  5  and  in 
the  graph  on  Fig.  5,  and  the  explanation  was  suggested  in  the  text. 

Consequently,  when  Dr.  Fuller  points  out  that  wherever  the  primary 
stresses  exceeded  3  000  lb.  per  sq.  in.  the  measured  secondaries  were 
greater  than  the  computed  values,  he  is  not  upsetting  the  writer's  con- 
clusions in  this  regard;  he  is  focussing  attention  on  what  is  merely 
an  example  of  the  qualifying  circumstances  outlined  in  the  foregoing 
paragraph ;  for  it  happens  that  all  stresses  exceeding  3  000  lb.  per  sq.  in. 
occurred  in  Stages  S-H  and  2-H ;  and  in  these  stages  the  special  con- 
ditions just  described  came  into  play. 

In  the  more  common  methods  of  truss  erection,  there  is  no  abrupt 
transition  from  one  structural  form  to  another,  like  that  involved  in 
the  cantilever  erection  of  the  arch;  consequently,  in  such  cases,  there 
will  be  nothing  to  invalidate  the  correctness  of  the  calculation  of 
secondary  stresses.  This  may  be  regarded  as  the  normal  or  usual 
condition  obtaining;  the  final  stages  of  the  Hell  Gate  Arch  erection 
represent  an  unusual  or  exceptional  condition.  With  these  considera- 
tions, the  writer  does  not  see  any  reason  for  renouncing  his  belief 
that  the  measured  secondaries  will  normally  be  smaller  than  the 
calculated  values. 

The  fact  that  this  relation  was  fulfilled  by  the  measurements  taken 
in  all  the  eleven  erection  stages  preceding  the  closure  of  the  arch, 
and  that  the  exceptions  are  found  only  in  Stages  S-H  and  2-H,  would 
seem  to  be  a  convincing  corroboration  of  the  writer's  thesis. 

If  there  were  a  satisfactory  method  of  providing  in  the  computations 
for  the  complicating  efi^ect  of  the  transformation  from  cantilever  to 
arch,  and  for  any  similar  cause  of  augmented  secondary  stresses,  then 
there  would  be  no  need  of  appending  any  qualification  to  the  writer's 
conclusion  as  to  the  relative  values  of  measured  and  calculated 
secondaries. 

As  a  consequence  of  the  above-described  effect  of  the  cantilever 
method  of  erection,  the  final  stresses  in  the  extreme  fibers  of  the  Hell 
Gate  Arch  chord  members  would  have  been  seriously  larger  than  the 
computed  values,  were  it  not  for  the  provision  of  the  three-faced  joints ; 
and  this  measure  would  have  been  of  little  value  without  the  additional 
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precaution  which  was  adopted,  of  postponing  the  riveting'  until  after 
the  arch  was  closed. 

If  the  joints  had  been  riveted  as  the  erection  proceeded,  instead  of 
waiting  for  the  closure  of  the  span,  it  would  have  been  possible  to 
calculate  the  secondary  stresses  more  definitely ;  the  complicating  effect 
of  the  transformation  from  cantilever  to  arch  would  have  been 
obviated,  and  the  final  measured  secondaries,  in  all  probability,  would 
not  have  exceeded  the  computed  values.  The  only  question  is  whether 
these  advantages  would  have  outweighed  those  which  were  secured 
by  the  use  of  the  three-faced  joints  in  conjunction  with  deferred 
riveting. 

In  connection  with  the  points  just  discussed.  Dr.  Fuller  asks  for 
the  results  of  the  measurements  of  secondary  stresses  in  Stage  S-Hj 
and  the  writer  is  glad  to  supply  these  values  in  Table  9. 

TABLE  9.— Stage  3-H. 
(All  values  are  in  pounds  per  square  inch.) 


u 

01 

V. 

1 

■a 

■o 

3 

^ 

4) 

^ 

|cc 

SoJ 

J3 

s 

^03 

sm 

.3  03 

px 

s 

s    • 

ta    . 

3    ■. 

1/ 

033 

58  03 

V'Jl 

01  E£ 

OCO 

5'^- 

s 

O 

V 

s 

C3 

<0 

S 

c4 

s 

0-2 

104 

238 

8-10 

264 

1  125 

16-18 

710 

994 

3-0 

445 

813 

10-8 

3!I5 

933 

18-16 

897 

844 

2-4 

319 

388 

10-12 

423 

688 

18-20 

1  079 

1  050 

4-2 

104 

738 

12-10 

565 

738 

20-18 

959 

1  182 

4-6 

8 

788 

12-14 

613 

513 

20-28 

1  124 

1  482 

6-4 

324 

1  013 

14-12 

728 

1  013 

22-20 

935 

750 

6-8 

328 

463 

14-16 

752 

1  300 

22-33  A 

1  187 

900 

8-6 

200 

713 

16-14 

660 

850 

23A-32 

258 

563 

Average 

557 

882 

Mr. 

Steinman. 


The  averages  shown  at  the  foot  of  Table  9  are  the  values  which  were 
included  in  Table  5.  It  should  be  noted  that  the  measured  secondary 
stresses  in  Stage  S-H  averaged  50%  higher  thgn  the  calculated  values, 
as  a  consequence  of  the  conditions  discussed  in  the  preceding  para- 
graphs. 

The  erratic  character  of  the  individual  results  in  this  stage  is  to  be 
attributed  to  the  fact  that  the  calculated  and  measured  values  do  not 
refer  to  identical  conditions  of  the  structure.  The  calculated  second- 
aries were  obtained  for  the  completed  stage,  with  the  entire  floor 
erected,  whereas  the  measured  values  were  secured  during  early  and 
varying  stages  of  the  floor  erection.  In  consequence  of  the  rapid  prog- 
ress made  in  this  erection  stage,  as  compared  with  the  slow  ojieration 
of  taking  the  observations,  the  different  measurements  were  obtained 
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Mr.  with  changing  positions  of  the  erecting  travelers  and  with  varying 
eimnan.  q^j^^j-^^j^igg  Qf  floor  system  completed.  Without  the  excessive  labor  of 
computing'  secondary  stresses  for  so  many  different  conditions  of  dead 
load  on  the  structure,  a  proper  comparison  of  calculated  and  measured 
values  could  not  be  submitted;  for  this  reason,  these  percentages  were 
omitted  from  the  tabulation  on  Plate  XLIV. 

Dr.  Fuller  calls  attention  to  the  low  percentages  of  computed  sec- 
ondary stress  tabulated  on  Plate  XL VII  as  contrasted  with  the  higher 
values  of  the  measured  secondaries  in  the  same  stage  (2-11)  given  on 
Plate  XLIV.  There  really  was  no  need  of  going  to  two  different 
plates  to  find  this  relation,  as  it  is  frankly  exhibited  in  direct  compari- 
sons in  Plate  XLIV.  It  is  also  indicated  by  the  upper  branch  of  the 
graph  of  measured  secondaries  on  Fig.  5.  It  should  be  remembered, 
however,  that  these  values  of  the  measured  stresses  correspond  to  the 
usual  theoretical  definition  of  secondaries,  as  one-half  the  difference 
between  the  top  and  bottom  fiber  stresses ;  whereas,  in  this  instance,  on 
account  of  the  effect  of  the  three-faced  joints,  a  more  suitable  definition 
of  the  secondaries  is  the  excess  of  extreme  fiber  stress  over  the  average 
stress  in  the  section. 

Ordinarily,  these  two  definitions  of  secondary  stress  are  equivalent; 
in  the  Hell  Gate  Arch  chord  members,  however,  the  distinction  is  im- 
portant, and  it  is  evident  that  the  second  definition  is  the  one  of  greater 
practical  significance.  In  Fig.  5,  the  two  methods  of  defining  the  meas- 
ured secondaries  are  represented  by  the  two  branches  of  the  graph  for 
Stage  2-i7;  the  divergence  of  these  two  branches  shows  the  benefit 
secured  by  the  use  of  three-faced  joints,  namely,  to  reduce  the  meas- 
ured secondaries  from  an  average  of  220%  dowai  to  an  average  of  58% 
of  the  calculated  values. 

The  question  is  raised  by  Dr.  Fuller  as  to  the  possibility  of  variation 
of  stresses  within  the  20-in.  gauge  length  that  was  used,  and  he  sug- 
gests that  smaller  lengths  are  needed  to  catch  the  maximum  values. 
This  may  be  the  case  in  short-span  reinforced  concrete  beams  and  slabs, 
where,  on  account  of  the  rapid  drop  in  maximura  stresses  from  the 
points  of  connection  of  members,  it  is  found  desirable  even  to  reduce 
the  customary  8-in.  gauge  length  to  2  in.  In  the  case  of  the  45-ft. 
members  of  the  Hell  Gate  Arch,  however,  the  variation  of  stress  in  a 
20-in.  length,  at  the  points  where  the  measurements  were  taken,  was 
practically  negligible,  and  the  use  of  a  shorter  instrument  would  offer 
no  advantage  to  compensate  for  the  reduced  accuracy  of  the  results. 

Investigators  whose  experience  in  strain  measurements  has  been  on 
concrete  structures  should  remember  that,  on  account  of  the  difference 
in  elastic  coefficients,  extensometer  observations  on  steel  require  about 
fifteen  times  as  great  accuracy  in  order  to  secure  the  same  precision  in 
the  values  of  the  stresses ;  consequently,  a  longer  gauge  line  is  necessary 
in  work  on  steel  structures.    Furthermore,  in  reinforced  concrete  spans, 
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the  llexural  stress  declines  rapidly,  along  a  parabolic  curve,  from  the       Mr, 


end  connection  to  the  point  of  contraflexure ;  whereas,  in  steel  chord 
members,  the  secondary  stress  has  a  linear  variation  which  is  very 
gradual  in  comparison. 

For  the  Hell  Gate  Arch  investigations,  both  10-in.  and  20-in.  exten- 
someters  had  been  provided;  but  the  considerations  just  outlined 
prompted  the  writer  to  adopt  the  20-in.  instrument  for  the  measure- 
ments on  the  main  members,  and  to  reserve  the  10-in.  instruments  for 
observations  on  gusset-plates  and  on  other  connection  details.  It  is 
regretted,  however,  that  lack  of  time  made  it  impossible  to  go  very  far 
with  the  latter  measurements,  or  to  take  any  observations  on  the  dis- 
tribution of  stress  between  plates  and  angles  composing  a  section. 

The  suggestion  is  made  by  Dr.  Fuller  that  a  Berry  instrument 
might  have  given  more  satisfactory  results  than  the  Howard  strain 
gauge,  but  he  confesses  that  he  has  never  used  the  latter.  In  the  De- 
partment of  Bridges,  of  New  York  City,  the  Howard  instrument  was 
adopted  for  all  stress  investigations,  after  consideration  and  trial  of 
other  types.  With  the  Howard  strain  gauge,  accurate  results  are 
secured  by  repeating  the  readings  until  they  prove  consistent  and  then 
recording  the  average.  Although  the  Berry  extensometer  may  permit 
quicker  readings,  it  is  doubtful  whether  the  same  accuracy  is  afforded, 
as  a  larger  number  of  moving  parts  are  involved.  The  Berry  gauge 
gives  all  desired  accuracy  for  getting  stresses  in  concrete,  on  account 
of  the  lower  value  of  the  modulus  of  elasticity;  and  it  has  its  advantage 
of  speed  for  observations  under  changing  load;  but,  for  the  work  which 
was  done  on  the  Hell  Gate  Arch,  it  is  believed  that  the  Howard  gauge 
was  the  more  suitable. 

Mr.  Howard  mentions  some  of  the  interesting  possibilities  of  meas- 
urements with  his  extensometer,  and  he  certainly  merits  the  thanks 
of  the  Profession  for  his  invention  of  the  instrument  and  for  developing 
its  application.  It  is  to  be  regretted  that  he  has  never  found  time 
to  prepare,  for  the  Society,  an  account  of  his  measurements  along 
the  different  lines  to   which  they  have  been  applied. 

The  writer  communicated  with  Mr.  Howard  in  reference  to  several 
points  raised  in  these  discussions  and  received  the  following  letter 
in  reply : 

"Interstate  Commerce  Commissiox 
"Division  of  Safety 
"Washington 
"Du.  D.  B.  Stefxmax,  "May  11th,  1918. 

"35  Nassau  Street, 
"New  York. 
"Dear  Doctor  :  Please  excuse  this  tardy  response  to  your  letter  of 
the  7th  inst.     I  have  been  out  of  town  part  of  the  time. 
■      "In  regard  to  Mr.  Powell's  misgivings  that  the  use  of  the  strain 
gauge  does  not  permit  the  necessary  accuracy,  I  might  mention  that 


Steinman. 
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Mr.  so  far  as  check  readings  go  they  very  often  come  out  better  than 
steinman.  jj^ig}^^  j^g  expected.  Some  readings  taken  on  the  lower  chord  of  the 
Missouri  Eiver  bridge  at  Kansas  City  in  the  forenoon  and  repeated 
in  the  afternoon  of  the  same  day  chanced  to  accord  to  the  same 
ten-thousandth  throughout  the  series,  of  some  twenty  or  more  read- 
ings, corrections  for  temperature  made  in  each  case.  The  drilled  and 
reamed  holes  in  the  bridge  member  are  however  rarely  so  well  made 
that  readings  can  be  repeated  as  above.  Usually  the  readings  on  the 
reference  bar  check,  without  variation  greater  than  one-thousandth. 
The  degree  of  accuracy  depends  upon  the  care  exercised  in  drilling 
and  reaming  the  holes.  The  holes  should  be  smoothed  with  a  conical 
set  after  drilling  and  reaming.  A  series  of  readings  where  successive 
changes  in  the  loads  occur  very  generally  yield  results  which  indicate 
the  readings  are  reliable  to  one  or  two  ten-thousandths.  I  do  not 
make  use  of  readings  down  to  a  ten-thousandth  but  place  reliance 
upon  the  stresses  to  less  than  500  lbs.  per  sq.  in.  If  there  was  any 
need  of  greater  refinement  in  the  work  I  think  it  could  be  had  by 
exercising  more  care.  Differences  in  temperature  limit  the  degree 
of  accuracy  in  many  cases.  My  impression  is  that  the  gauge  readings 
are  better  than  I  claim  for  them.  If  Mr.  Powell's  experience  is  with 
plate  gauges  or  with  plug  or  ring  gauges  and  he  finds  it  difficult  to 
attain  an  accuracy  of  a  ten-thousandth  of  an  inch  then  his  aptness 
for  fine  measurements  is  not  to  be  commended.  No  good  machinist 
would  think  he  had  a  satisfactory  fit  if  it  was  not  within  a  ten- 
thousandth  of  an  inch  on  fine  work.  Sensitiveness  of  touch,  in  some 
places,  is  such  that  measuring  to  a  ten-thousandth  can  be  considered 
as  more  than  ordinary  work. 

''In  respect  to  holding  the  gauge  in  position  normal  to  the  work. 
Provided  the  drilled  and  reamed  holes  are  strictly  normal  to  the 
plane  of  the  work,  I  do  not  think  a  slight  inclination  of  the  gauge 
would  be  found  to  give  a  change  in  the  reading.  The  conical  points 
of  the  gauge  would  make  contact  very  nearly  as  a  cylinder  and  center 
themselves  on  an  elliptical  contact  zone.  Reference  lengths  in  the 
field  are  not  paralleled  as  a  rule  and  normal  to  the  surface  of  the 
work.  In  order  to  avoid  error  in  placing  the  gauge,  it  is  my  practice 
to  use  the  same  end  of  the  gauge  over  the  same  hole  in  each  observa- 
tion, and  judge  of  the  gauge  being  normal  to  -the  Avork  by  noting  the 
annular  space  around  the  conical  point  at  the  same  end  of  the  instru- 
ment on  each  occasion.  One  person  should  hold  the  instrument  in 
place  against  the  work,  another  advance  the  micrometer  and  make 
contact,  and  read  the  gauge.  With  suitable  conditions,  the  holes  being 
in  good  order,  there  is  hardly  any  trouble  in  noting  contact  by  sensi- 
tiveness of  touch,  with  an  accuracy  of  one  ten-thousandth.  Mr. 
Powell's  suggestion  of  using  a  projecting  pin  with  spherical  end  is 
not  a  practical  one.  Without  going  into  the  reasons  why,  if  Mr. 
Powell  will  try  such  a  method  he  will  at  once  see  the  many  difficulties 
which  will  defeat  the  accuracy  easily  attained  with  conical  points 
and  drilled  and  reamed  holes.  I  doubt  whether  he  would  offer  such 
a  suggestion  if  he  ever  had  experience  with  his  suggested  method. 
Of  course  the  holes  have  to  be  cleaned  at  each  reading.  Dust  has 
measurable  thickness  or  diameter  and  must  not  be  included  with  the 
steel  member. 
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"In  regard  to  Dr.  Fuller's  remarks  about  the  use  of  a  Berry  gauge.  Mr. 
which  has  a  bell  crank  lever  in  its  construction,  strictly  considered  stemman. 
this  is  not  a  satisfactory  detail  of  design.  There  is  a  difference  between 
tilting  a  gauge  of  my  type  in  which  both  points  remain  in  the  same 
plane  and  the  action  of  a  bell  crank  contact  at  one  end.  The  recti- 
linear movement  of  the  inner  member  in  my  gauge  is  mathematically 
correct.  With  this  rectilinear  movement  there  is  no  reasonable  limit 
to  the  range  of  the  instrument.  I  use  a  micrometer  screw  of  one-half 
inch  travel.  It  could  be  used  with  an  inch  travel  or  more  if  desired. 
The  action  of  the  gauge  would  not  be  impaired  if  the  gauge  length 
on  the  work  was  an  inch  longer  or  shorter  than  the  reference  bar. 
You  will  readily  see  how  limited  the  use  of  a  bell  crank  lever  is  in 
such  an  instrument  as  a  strain  gauge.  The  readings  might  be  repeated 
and  check  in  each  case  and  still  the  measured  length  be  in  error. 
Parallel  and  rectilinear  movements  are  desirable  in  instruments  of 
precision. 

"I  note  your  kind  allusion  to  the  desirability  of  hearing  from  me  in 
some  of  the  strain  gauge  work  not  yet  published,  and  much  regret  that 
I  have  not  done  so.  Perhaps  at  an  early  date  I  may  have  opportunity 
to  prepare  some  notes  on  the  Missouri  River  Bridge  and  some 
structural  work  done  in  New  York. 

"Yours  very  truly,- 

"(Signed)     James  E.  Howard." 

Dr.  Lindenthal  explains  the  considerations  which  prompted  him  to 
undertake  the  measurement  of  the  stresses  in  the  Hell  Gate  Arch.  In 
a  review  of  the  erection  of  the  Eads'  Bridge  at  St.  Louis  he  presents 
a  striking  illustration  of  the  possible  serious  effect  of  stresses 
created  in  a  bridge  during  construction,  and  he  thus  emphasizes  the 
importance  of  ascertaining  the  actual  stresses  left  in  a  bridge  after 
erection.  He  succinctly  expresses  the  guiding  consideration  in  his 
concluding  paragraph: 

"The  object  of  the  strain  measurements,  as  related  by  the  author, 
was  fully  attained.  There  are  no  unknown  stresses  in  the  Hell  Gate 
Arch  structure." 

Dr.  Lindenthal  certainly  deserves  all  possible  credit  for  his  initia- 
tive and  public  spirit  in  personally  defraying  the  expenses  of  this 
investigation  as  a  contribution  to  engineering  science. 

Mr.  Delson  presents  an  account  of  a  very  interesting  series  of 
extensometer  observations  conducted  by  the  New  York  Department  of 
Bridges  in  connection  with  one  of  the  operations  of  strengthening  the 
side  spans  of  the  Williamsburg  Bridge.  This  experience  of  the  Bridge 
Department  afforded  a  striking  instance  of  the  value  of  the  extenso- 
meter in  such  work,  as  the  measurements  supplied  the  information 
necessary  for  the  solution  of  a  perplexing  and  critical  erection  problem. 

The  stress  readings  presented  by  Mr.  Delson  in  connection  with  this 
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Mr.        incident  also  indicate  the  hig:h  precision  attainable  with  the  Howard 
Steiuman.        ,  . 

extensometer. 

Professor  Parcel,  in  a  very  able  discussion,  raises  some  doubts  as 
to  the  validity  of  two  conclusions  which  he  credits  to  the  writer.  The 
first  of  these  conclusions  is  stated  as  follows: 

"1. — Actual  secondary  stresses,  in  general,  will  be  less  than  the 
computed  stresses,  due  largely  to  a  constant  automatic  re-adjustment 
of  the  internal  strains  tending  toward  the  relief  of  secondary  stresses." 

This  is  a  correct  and  clearly  expressed  paraphrase  of  statements 
made  in  the  paper,  but  the  writer  wishes  to  make  it  clear  that  he  did 
not  offer  this  principle  as  a  direct  conclusion  from  the  results  of  the 
investigation  under  discussion.  It  was  merely  an  expression  of  a 
relation  which  he  derived  from  outside  considerations,  and  in  the 
validity  of  which  he  had,  and  still  has,  firm  conviction.  It  was  inter- 
jected as  a  partial  explanation  of  certain  findings,  and  not  as  a 
direct  deduction  from  the  data  of  this  experiment. 

Professor  Parcel  admits  that  the  principle  is  perhaps  entirely 
sound,  but  he  questions  its  consistency  with  the  results  of  the  measure- 
ments. On  this  point  the  writer  has  already  presented  his  case 
in  replying  to  the  discussion  of  Dr.  Fuller.  For  the  sake  of  clear- 
ness, even  at  the  risk  of  reiteration,  it  may  be  stated  here  that 
all  apparent  violations  of  the  above-formulated  relation  in  the  com- 
parison of  the  final  results  were  associated  with  the  unique  and  excep- 
tional features  in  the  Hell  Gate  Arch  erection — features  that  do  not 
occur  in  the  usual  cases  of  truss  building.  The  most  significant  of 
these  special  features  was  the  cantilever  erection,  resulting  in  the 
fixation  of  large  secondary  stresses  at  the  joints  during  the  cantilever 
stages,  which  stresses  were  not  released  in  the  transformation  to  the 
arch  condition. 

The  special  erection  feature  just  described  would  naturally  affect 
the  results  in  Stages  3-H  and  2-H,  tending  to  increase  the  secondary 
stresses  in  those  stages  above  the  calculated  values.  This  is  exactly 
the  phenomenon  observed,  for  it  is  only  in  those  stages  that  the 
measured  secondaries  exceed  the  calculated;  and  this  fact,  to  which 
both  Professors  Fuller  and  Parcel  call  attention,  instead  of  contradict- 
ing the  writer's  conclusions,  serves  as  a  clear  confirmation  of  the 
correctness  of  his  reasoning. 

Apparently  ignoring  the  above  considerations.  Professor  Parcel 
thinks  that  the  following  additional  conclusion  might  fairly  be  drawn : 
"For  the  higher  ranges  of  primary  stress,  the  actual  secondary  stresses 
will  probably  exceed  the  calculated  values  by  a  considerable  margin." 
To  this  conclusion  the  writer  takes  distinct  exception.  It  is  based  on 
a  comparison  of  the  results  in  the  arch  stages  with  those  in  the  canti- 
lever  stages — a   comparison   which   yields   misleading   conclusions,    or 
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conclusions  the  generality  of  whieli  is  vitiated,  on  account  of  the  Mr. 
special  considerations  already  submitted.  The  only  comparisons  from  tinman, 
which  a  conclusion  of  this  character  could  legitimately  be  drawn 
would  be  between  measurements  of  stresses  of  different  magnitudes 
in  the  same  stage  or  condition  of  the  structure ;  and  such  comparisons, 
in  the  present  investigation,  distinctly  contradict  Professor  Parcel's 
suggested  conclusion,  and  confirm  that  of  the  writer  instead. 

The  writer  maintains  that  the  apparent  exception  in  Stages  S-H 
and  2-H  to  his  rule,  that  actual  secondary  stresses  will  generally  be 
less  than  computed  stresses,  is  due  merely  to  the  fact  that  in  these 
stages  there  was  a  gross  but  unavoidable  incorrectness  in  the  calculated 
secondaries.  He  regrets  the  inadequacy  of  the  available  methods  of 
computing  secondary  stresses  to  take  into  account  the  effect  of  such 
complicating  factors  as  the  transformation  of  the  structure  from  a 
cantilever  into  an  arch.  If  a  satisfactory  solution  of  this  mathematical 
problem  were  obtainable,  there  is  little  doubt  that  the  anomalous  results 
under  discussion  would  be  entirely  dispelled. 

It  may  be  suggested  here  that  the  problem  just  described  would 
be  simple  of  solution  if  the  joints  were  securely  riveted  before  the 
transformation.  It  is  the  partial  and  unknown  slipping  or  yielding 
of  the  joints  before  or  during  riveting  that  complicates  the  theoretical 
problem. 

The  second  conclusion  presented  by  Professor  Parcel  for  discus- 
sion is : 

"2. — For  most  bridges  it  will  probably  be  satisfactory  to  provide 
for  secondary  stresses  by  an  allowance  in  the  specified  unit  stresses  of 
about  20%  of  the  total  primary  stress,  plus  3  000  lb." 

A  comparison  of  this  version  with  that  of  the  writer  in  Conclusion 
4,  on  page  1071,  will  indicate  certain  differences.  The  writer  did  not 
suggest  the  deduction  of  25%  plus  4  000  lb.  from  the  elastic  limit  as  a 
"satisfactory"  allowance  but  as  a  minimum  "necessary"  allowance.  In 
doing  this  he  was  merely  calling  attention  to  the  necessity,  in  fixing 
extreme  values  of  working  stresses,  of  leaving  a  sufficient  margin 
below  the  elastic  limit  to  provide  for  secondaries  and  other  anticipated 
additions  to  calculated  primary  stresses;  and  he  wished  to  suggest 
the  possible  usefulness  of  investigations  of  this  character  in  supplying 
information  I  to  help  fix  the  proper  magnitude  of  this  margin  or  allow- 
ance. The  value  suggested  by  the  writer  was  simply  the  best  one  that 
he  could  deduce  with  the  aid  of  the  data  of  this  experiment;  and  it 
was  offered  for  whatever  it  was  worth,  merely  as  an  initial  contribution 
to  the  fund  of  knowledge  requisite  to  form  a  proper  judgment  on  this 
point.  No  one  realizes  better  than  the  writer  the  importance  of 
securing  similar  data  from  measurements  on  a  great  number  and  variety 
of  structures  before  any  final  decision  on  such  a  question  can  be 
reached. 
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Mr.  The  writer's  reasons  for  including  this  matter  in  the  paper  were 

■  twofold:  First,  to  indicate  an  additional  objective  for  extenso meter 
and  secondary  stress  investigations;  and,  second,  to  suggest  a  form  for 
an  empirical  rule  for  a  margin  above  extreme  working  stresses. 

In  the  original  presentation  of  this  tentative  rule,  on  page  10(33, 
it  will  be  observed  that  judgment  based  on  outside  considerations 
generously  supplemented  logical  deduction  in  the  formulation  of  the 
conclusion.  It  was  more  in  the  nature  of  a  suggested  line  of  thought 
and  future  investigation  than  a  final  and  direct  conclusion  from  the 
data  of  the  investigation. 

That  the  limitations  and  present  indefiniteness  of  such  an  empirical 
rule  were  clearly  realized  by  the  writer  is  shown  by  the  following 
quotation  from  the  paper: 

"It  is  recognized,  of  course,  that  a  rule  of  this  form  can  properly 
apply  only  to  structures  in  which  the  secondary  stresses  have  normal 
or  average  values.  Where  unusually  large  secondaries  may  be  antici- 
pated, these  should  receive  special  investigation  and  attention." 

Professor  Parcel  raises  the  question  "whether  anj  empirical  relation 
based  on  averages  is  an  adequate  means  of  providing  for  secondary 
stresses,  even  in  ordinary  structures."  The  wi'iter  endeavored  to 
make  his  proposed  allowance  sufficiently  generous  to  take  care  of  the 
maximum,  and  not  the  average,  secondary  stresses  ordinarily  occurring. 
That  the  suggested  allowance  is  adequate  is  corroborated  by  the  results 
of  Professor  Parcel's  own  measurements  of  secondary  stresses  as 
plotted  in  Figs.  9,  10,  and  11.  These  graphs  show  that  the  secondary 
stresses  in  a  railway  bridge  under  service  loading  ranged  between  10 
and  30%,  and  never  exceeded  the  latter  amount  except  when  the  prim- 
ary stresses  fell  very  low;  and,  as  Professor  Parcel  himself  remarks, 
"it  is  only  the  secondary  stresses  that  co-exist  with  the  maximum 
primary  stresses  that  affect  the  design  of  the  structure." 

The  writer  does  not  take  issue  with  Professor  Parcel's  suggestion 
"of  the  desirability  of  making  some  analysis  of  the  secondary  stresses 
An  every  design  of  a  bridge  structure.  That,  indeed,  would  be  a 
most  desirable  consummation;  but  it  is  going  to  be  very  difficult  to 
convert  the  Profession  to  such  procedure  in  the  case  of  ordinary  struc- 
tures, or  to  get  clients  to  pay  for  the  additional  labor  involved. 

In  proposing  the  use  of  empirical  allowances  for  secondary  stresses, 
the  writer  was  not  actuated  by  any  distrust  of  the  reliability  of 
secondary  stress  computations,  nor  by  any  doubt  as  to  their  desirability, 
but  rather  by  a  conviction  of  the  difficulty  of  changing  present  practice 
in  this  regard.  So  long  as  engineers  have  to  deal  with  actual  con- 
ditions where  secondary  stress  computations  are  generally  omitted,  it 
is  certainly  better  to  have  some  guide  for  estimating  a  proper  allowance 
than  to   get  along  without  any.     Therefore  the  writer  offered,   as   a 
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suggestion,  a  rule  for  this  purpose,  derived  from  his  best  judgment,       Mr. 


guided  by  the  results  of  this  investigation.     No  data  tending  to  con- 
tradict or  modify  this  rvile  have  yet  been  advanced. 
Professor  Parcel  writes: 

"If  we  assume  that  theoretical  computations  for  secondaries  are 
wholly  untrustworthy,  and  thus  justify  reliance  on  an  empirical 
formula  for  ordinary  bridges,  how  are  we  to  rely  on  our  analysis  for 
the  cases  where  'exceptionally  large  secondaries  may  be  anticipated', 
and  what  basis  is  there  for  the  elaborate  and  very  expensive  correction 
methods  used  in  the  erection  of  the  Quebec  and  Sciotoville  spans, 
methods  which  have  been  referred  to  in  current  technical  literature 
as  the  most  remarkable  single  feature  of  these  great  engineering 
projects  ?" 

In  reply  the  writer  wishes  to  make  it  clear  that  he  does  not  regard 
theoretical  computations  for  secondaries  as  untrustworthy;  on  the 
contrary,  he  is  convinced  that,  with  the  exception  of  cases  involving 
complicated  erection  features,  which  cannot  be  accurately  considered 
in  the  computations,  the  actual  secondaries  will  be  either  equal  to  or 
slightly  less  than  the  calculated  values.  The  use  of  an  empirical 
formula  is  recommended,  not  as  being  more  reliable  than  theoretical 
computations  of  secondary  stresses,  but  as  constituting  a  more  or 
less  satisfactory  substitute  when  time  and  labor  have  to  be  conserved. 

Referring  to  cases  where  "exceptionally  large  secondaries  may  be 
anticipated",  the  writer  submits  that  such  cases  can  readily  be  recog- 
nized by  any  one  who  has  had  proper  experience  in  the  study  of 
secondary  stresses.  Exceptional  stresses  will  be  found  at  points  where 
there  is  any  interference  with  the  production  of  a  smooth  curve  of 
deformation  of  a  span  or  of  a  single  member.  Such  points  are:  at 
the  feet  of  main  hangers  in  simple  Pratt  trusses;  at  the  feet  of  sub- 
hangers  in  trusses  with  subdivided  panels;  at  the  connections  of 
collision  struts;  at  the  points  of  attachment  of  back-stays  in  cantilever 
erection  of  arches;  at  intermediate  supports  of  continuous  and  can- 
tilever bridges;  at  the  connections  of  intersecting  diagonals,  etc. 
Fortunately,  in  nearly  all  such  cases,  it  is  possible  to  ascertain  the 
approximate  value  of  the  critical  secondaries  by  some  simplified  method 
based  on  local  deflections  without  undertaking  a  complete  theoretical 
analysis  of  the  secondary  stresses  in  the  entire  structure.  It  would 
seem  that  such  procedure,  in  combination  with  the  use  of  an  empirical 
rule  for  the  secondaries  of  ordinary  magnitude  in  the  structure,  would 
provide  a  safe  and  economical  solution  of  the  problem  of  providing 
for  secondary  stresses. 

Professor  Parcel  refers  to  the  elaborate  and  expensive  erection 
methods  which  were  adopted  for  the  elimination  of  the  secondary 
stresses  in  recently  completed  long-span  bridges.  In  the  case  of  the 
Sciotoville  Bridge,  the  Mrriter  can  speak  from  experience,  as  he  was 
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Mr.  identified  with  the  design  and  computations  for  that  structure.  The 
Sciotoville  Bridge  presents  a  striking  instance  of  a  case  where  "excep- 
tionally large  secondaries  may  be  anticipated."  Over  the  middle  sup- 
port of  this  continuous  structure,  there  is  necessarily  a  large  upward 
cusp  in  the  curve  of  deflections,  and  the  secondary  stresses  from 
this  cause,  for  live  load  on  both  spans,  would  have  amounted  to  nearly 
20  000  lb.  per  sq.  in.  Although  elaborate  secondary  stress  computations 
were  prepared  for  the  entire  structure,  the  critical  stress  just  men- 
tioned was  easily  foreseen;  and  it  was  computed  in  a  few  minutes  from 
the  deflection  diagram  of  the  trusses,  quite  independently  of  the  more 
complete  analysis  of  secondaries.  Similarly,  the  secondary  stresses 
in  the  bottom  chords  at  the  connections  of  the  various  subhangers  could 
have  been  foreseen  and  computed  independently  by  approximate 
methods.  Such  approximate  investigations  would  have  been  sufficient 
to  disclose  the  serious  character  of  the  secondary  stresses  in  this  struc- 
ture, and  to  emphasize  the  necessity  of  some  such  method  of  erection 
as  was  adopted  to  counteract  these  dangerous  stresses. 
Professor  Parcel  adds : 

"We  need  a  great  many  more  experimental  data  to  settle  the  ques- 
tion of  actual  versus  calculated  secondary  stresses,  no  doubt;  but  the 
bulk  of  the  evidence,  up  to  the  present,  would  seem  to  justify  con- 
siderable confidence  in  our  theory." 

It  is  difficult  to  understand  what  is  referred  to  in  the  phrase  "the 
bulk  of  the  evidence,  up  to  the  present" ;  since,  as  the  writer  endeavored 
to  point  out  in  the  introductory  part  of  the  paper,  there  had  been 
practically  nothing  published  in  the  form  of  a  comparis9n  of  calculated 
and  measured  secondary  stresses  before  the  presentation  of  this  inves- 
tigation. Nevertheless,  the  writer  joins  Professor  Parcel  in  placing 
considerable  confidence  in  the  theory  of  secondary  stresses ;  in  fact,  it 
does  not  appear  that  any  one  has  questioned  it. 

The  results  of  stress  measurements  on  the  Kenova  Bridge,  pre- 
sented by  Professor  Parcel,  are  certainly  interesting.  It  is  unfortunate 
that  the  data  have  not  yet  been  worked  up  to  show  a  comparison  be- 
tween measured  and  computed  secondaries,  and  it  is  to  be  hoped  that 
this  analysis  will  soon  be  completed  and  presented  to  the  Profession. 

The  writer  is  grateful  to  Professor  MacKay  for  directing  attention 
to  a  point  of  possible  misunderstanding,  namely,  the  statement  in 
the  paper  about  the  number  of  measurements  required  to  determine 
the  distribution  of  stress  in  any  member.  When  he  wrote  "It  is 
necessary  to  take  measurements  at  not  less  than  three,  and  preferably 
four,  points  of  the  cross-section  near  each  end  of  the  member",  the 
writer  intended  this  merely  as  a  statement  of  minimum  requirement, 
to  apply  only  to  members  of  ordinary  size  and  section;  and  he  is  in 
complete  accord  with  Professor  MacKay  in  considering  that  a  greater 
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number  of  points  are  usually  desirable  in  lartre  members.     The  writer       Mr. 
recognized  this  fact  in  the  case  of  the  Hell  Gate  chord  members,  of 
which  he  wrote  (page  1052),  that  "measuremeuts  at  the  four  extreme 
corners  of  the  section  would  not  be  fairly  representative  of  the  con- 
ditions throughout  the  entire  area." 

The  figures  cited  by  Professor  MacKay  from  the  Hell  Gate  meas- 
urenients  to  show  that  the  omission  of  the  readings  near  the  center 
of  the  webs  would  have  altered  the  results,  serve  as  a  confirmation  of 
the  writer's  judgment  in  deciding  to  use  six  observations  at  each 
cross-section.  The  two  readings  at  mid-height  were  necessary,  not  only 
on  account  of  the  mass  of  metal  concentrated  at  and  near  the  middle 
diaphragm,  but  also  to  determine  and  provide  for  the  effect  of  the  con- 
centration of  bearing  in  the  middle  thirds  of  the  joints. 

Whether  a  larger  number  than  six  observations  at  each  section 
should  have  been  taken,  it  is  difficult  to  decide.  It  is  doubtful  whether 
there  would  have  been  any  appreciable  increase  in  the  reliability  of 
the  results  to  compensate  for  the  curtailment  of  programme  which 
the  extra  labor  would  have  necessitated. 

The  data  of  tests  on  latticed  members  submitted  by  Professor 
MacKay  are  extremely  interesting.  His  plats  of  stress  distribution 
near  the  end  of  a  pin-connected  member  show  a  concentration  of  stress 
toward  the  center  of  the  web,  as  might  be  anticipated.  He  also  shows 
the  disturbance  of  iniiform  stress  condition  at  the  points  of  connection 
of  diaphragms  and  lattice  bars,  on  account  of  local  bending  in  the 
ribs  composing  the  member.  It  was  in  anticipation  of  such  effects 
that  the  writer  avoided  the  proximity  of  diaphragms,  splice-plates, 
and  similar  factors  of  stress  disturbance,  in  fixing  the  locations  of 
the  gauge  points  for  his  stress  measurements  on  the  Hell  Gate  Arch. 

In  correspondence  with  the  writer.  Professor  MacKay  described 
some  of  his  measurements  on  bridges  of  the  Canadian  Government 
Railways,  and  it  is  to  be  regretted  that  these  came  too  late  to  be 
included  in  his  published  discussion.  With  Professor  MacKay's  per- 
mission, the  following  is  quoted  from  one  of  his  letters : 

'"My  work  on  the  C.  G.  R.  bridges  was  limited  to  a  single  type  of 
riveted  pony  truss  span,  and  my  object  was  to  check  primary,  secondary, 
and  impact  stresses  under  live  load.  The  results  would  dispose  me 
to  endorse  all  .of  your  conclusions  applicable  to  such  widely  divergent 
cases,  with  the  possible  exception  of  the  point  referred  to  in  my  dis- 
cussion." 

The  following  are  some  of  the  results  as  regards  precision  in  the 
span  most  thoroughly  examined.  The  range  of  stress  measured  was 
from  5  000  to  8  000  lb.  per  sq.  in. 

Difference  between  calculated  and  observed  primary  stresses : 

Average ;)90  lb.  per  sq.  in.  (    525) 

Maximum 780    "       "     "      "    (1 290) 
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Mr.  This    omits   some   lower   chord   members    which   were   affected   by 

stringer  and  floor-beam  action,  and  by  the  failure  of  roller  bearings  to 
work. 

Difference  between  stresses  in  two  ends  of  same  member: 

Average   270  lb.  per  sq.  in.   (140) 

Average,  omitting  one  section 100  "  "  "      " 

Maximum    OOO  "  "  "      '•     (500) 

Maximum,  omitting  one  section 320  "  "  "      " 

Most  of  the  work  was  done  under  favorable  temperature  conditions. 

As  regards  secondary  stresses,  the  most  important  effects  agreed 
fairly  well  with  calculated  stresses. 

The  figures  in  parentheses,  representing  corresponding  values  from 
the  Hell  Gate  Arch  investigation,  have  been  inserted  by  the  writer  to 
permit  a  comparison  with  the  results  secured  by  Professor  MacKay. 
When  the  difference  in  the  characters  of  the  structures  and  loadings 
is  considered,  the  two  sets  of  results  may  be  regarded  as  mutually 
confirmatory. 

In  the  discussion  by  Professor  Turneaure,  we  have  a  clear  presenta- 
tion of  the  significance  of  secondary  stresses  by  one  who  is  an  acknowl- 
edged authority  on  the  subject.  He  writes  that  he  "does  not  believe 
that  it  will  ever  be  necessary  or  desirable  to  calculate  secondary  stresses 
in  the  ordinary  practice  of  bridge  design;  but  he  does  believe  that 
their  consideration,  both  theoretically  and  experimentally,  in  such 
unusual  structures  as  the  one  under  consideration,  is  of  very  great 
importance." 

It  was  in  connection  with  the  ordinary  cases  of  bridge  design,  for 
which  no  calculation  of  secondary  stresses  is  undertaken,  that  the 
writer  suggested  the  use  of  an  empirical  correction  to  be  applied  to 
the  working  stress.  Referring  to  the  suggested  figure  of  25%  -|-  4  000, 
Professor  Turneaure  agrees  that  this  "would  probably  cover  most 
cases  of  well-designed  structures."  In  arriving  at  this  estimate  of 
a  proper  deduction  from  the  minimum  elastic  limit,  the  writer  took 
into  consideration,  not  only  the  secondary  stresses  usually  to  be 
expected,  but  also  other  possible  variations  from  computed  stress. 

The  writer,  as  previously  stated,  did  not  intend  to  present  the 
foregoing  recommendation  as  a  direct  and  rigorous  conclusion  from 
the  results  of  the  calculations  and  measurements  on  the  Hell  Gate 
Arch.  Other  considerations  entered  in  arriving  at  this  figure,  and  it 
was  offered  merely  as  a  guide  or  basis  for  future  investigation  and 
discussion.  Consequently,  the  following  statement  by  Professor  Turn- 
eaure on  the  possible  value  of  the  suggestion  is  appreciated: 

"If  it  is  found  that  the  secondary  stresses  in  any  particular  struc- 
ture can  be  represented  safely  by  a  particular  percentage  of  the  primary 
stresses  or  a  percentage  plus  a  constant,  then  we  have  arrived  at  a 
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fair  value  of  tlie  maximum  fiber  stress,  and  are  much  better  prepared       Mr. 
to  discuss  the  subject  of  working  stresses  than  if  no  estimate  of  the  Steinman 
secondary  stresses  had  been  made." 

In  reference  to  the  reliability  of  secondary  stress  calculations. 
Professor  Turneaure  writes : 

"Such  stresses  are  just  as  much  a  real  part  of  the  total  stress  which 
may  prevail  in  any  fiber  of  a  member  as  the  primary  stress;  and 
they  are  just  as  certain  to  exist  as  it  is  certain  that  the  structure  will 
deflect  under  load.  The  accuracy  of  their  determination,  however,  is 
not  so  great  as  that  of  the  primary  stresses,  on  account  of  the  indeter- 
minate efl^ect  of  the  temperature  variations  and  of  joint  plates,  rivets, 
and  other  details." 

It  is  on  account  of  this  uncertainty  which  characterizes  secondary 
stress  calculations  that  the  writer  recommends  the  application  of  the 
extensometer  to  the  actual  determination  of  the  fiber  stresses  in  all 
structures  of  unusual  magnitude  or  construction. 

Referring  to  the  great  care  taken  in  the  design  and  erection  of  the 
Hell  Gate  Arch  and  of  other  large  structures  as  evidence  of  the 
increasing  appreciation  of  scientific  methods  of  design  and  accurate 
fabrication,  Professor  Turneaure  writes : 

"Where  such  conditions  prevail,  the  objection  to  the  use  of  stati- 
cally indeterminate  structures,  which  has  been  so  general  in  the  past, 
loses  its  force,  and  there  would  seem  to  be  no  reason  for  excluding 
such  forms  of  structure  where,  for  other  reasons,  they  are  desirable." 

This  statement  cannot  be  too  heartily  endorsed;  it  expresses  what 
is  probably  the  most  important  lesson  to  be  learned  by  the  Profession 
from  the  work  on  such  structures  as  the  Hell  Gate  Arch  and  the 
Sciotoville  Bridge. 

Professor  Jacoby  emphasizes  the  value  of  scientific  investigation 
as  conducive  to  security  and  economy  in  structural  design.     He  adds : 

"When  observations  are  made  on  an  actual  structure,  especially  one 
in  which  the  members  are  so  large  and  where  the  resources  of  con- 
struction in  equipment  and  workmanship  are  taxed  to  a  much  higher 
degree  than  usual,  the  results  are  of  far  greater  value  than  laboratory 
experiments  could  possibly  give." 

The  realization  of  this  opportunity  in  connection  with  the  erection 
of  the  Hell  Gate  Arch  was  the  incentive  for  undertaking  the 
stress  measurements,  and  the  justification  of  the  financial  outlay  on 
the  part  of  Dr.  Lindenthal. 

The  summary  of  the  investigation  of  secondary  stresses  in  a  two- 
hinged,  spandrel-braced  arch  with  cantilever  arms,  computed  by  Mr. 
Thomson  Mao,  of  the  Cornell  University  Graduate  School,  and  pre- 
sented by  Professor  Jacoby,  constitutes  a  valuable  contribution  to 
this   discussion.      It   exemplifies   the   diversity   of   methods    applicable 
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Mr.       to  the  calculation  of  secondary  stresses.     In  Mr.  Mao's  thesis,  Mohr's 

^  einman.  j^-j^^jj^^j  ^.^^  used,  involving  the  use  of  displacement  diagrams  to  find 

the  change  in  slope  of  the  truss  members.     The  method  of  Winkler, 

in   which  angle  changes   are   found   analytically,   is  preferred  by   the 

writer,  because  of  its  greater  precision  and  ease  of  checking. 

Another  distinctive  feature  in  the  method  of  computation  followed 
by  Mr.  Mao  was  the  calculation  of  the  secondary  stresses  in  all  the 
members  of  the  structure  for  a  unit  load  at  each  of  the  panel  points. 
Except  for  spans  having  a  very  small  number  of  panels  this  procedure 
would  involve  too  great  an  expenditure  of  time  and  effort  for  applica- 
tion in  actual  practice.  All  essential  purposes  of  secondary  stress 
computations  will  be  served  if  the  analysis  is  made  for  a  much  smaller 
number  of  cases  of  loading.  As  a  rule,  the  simplest  considerations  of 
the  natural  deflection  characteristics  of  a  structure  will  indicate  the 
proper  loading  assumptions  for  maximum  secondary  stresses;  and 
an  inspection  of  the  load  lengths  for  maximum  primary  stresses  will 
indicate  the  one  or  two  loading  assumptions  which  will  give,  with 
sufficient  accuracy,  the  critical  secondary  stresses,  namely,  those 
occurring  simultaneously  with  the  maximum  primary  stresses. 

Relative  to  this  matter,  the  writer  would  offer,  as  a  recommendation 
for  future  secondary  stress  computations,  the  suggestion  to  compute 
the  stresses  for  just  two  load  conditions,  viz.,  the  fir^t  and  the  second 
quarters  of  the  span,  respectively,  loaded.  By  simple  reversal  of  the 
diagram  and  algebraic  addition  of  the  sets  of  stresses,  there  will  be 
obtained  the  secondary  stresses  for  load  covering  one-quarter,  one-half, 
three-quarters,  or  full  span,  or  any  other  combination  of  quarters  of 
the  span.  The  resulting  values  will  suffice  for  all  practical  purposes, 
and  by  this  procedure  the  analysis  will  involve  only  two  solutions 
of  secondary  stresses,  instead  of  the  ten  or  more  required  in  Mr. 
Mao's  work. 

Professor  Jacoby  recommends  the  method  of  Gauss  for  the  solution 
of  the  sets  of  simultaneous  equations  involved  in  the  computations. 
He  writes : 

''By  the  method  of  Gauss,  the  solution  of  the  equations  becomes 
quite  mechanical,  and  may  be  checked  at  every  step  of  the  process. 
This  method  of  solution,  therefore,  has  a  great  advantage  over  any 
other." 

The  writer  doubts  whether  this  method  can  compare  favorably  in 
speed  with  the  procedure  of  successive  substitution,  as  described  on 
page  1073,  which  was  used  for  the  Hell  Gate  computations,  and 
yielded  a  remarkable  showing  over  all  other  methods  in  its  greater 
speed  and  self -checking  advantages. 

On  this  point,  the  writer  has  had  some  correspondence  with  Pro- 
fessor Turneaure,  who  advocated  an  improved  method  of  successive 
elimination  as  being  the  most  expeditious.    To  this  the  writer  replied : 
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"I  believe  that  if  you  include  the  time  required  to  check  the  work,  Mr. 
to  locate  errors  and  to  rectify  them,  the  method  of  elimination  will  be  St<?'n™a»' 
seriously  handicapped  in  comparison  with  the  methods  of  successive 
approximation  by  substitution.  The  figures  which  I  gave  you  in  my 
last  letter  for  the  time  required  by  the  different  methods  included  the 
work  of  retracing  the  steps  whenever  an  error  was  suspected,  and  of 
correcting  any  such  error.  If  we  consider  the  primary  desideratum 
to  be  correctness  of  the  results,  rather  than  merely  securing  of 
maximum  speed,  it  seems  to  me  that  the  method  of  substitution  is 
the  more  desirable,  as  it  supplies  an  automatic  check  at  every  step 
in  the  Avork.  It  is  a  self-checking  method  in  that  it  is  impossible  to 
proceed  very  far  without  detecting  any  error  that  may  have  been  made." 

The  writer  has  worked  out  a  systematic  arrangement  of  the  com- 
putations in  the  method  of  successive  substitutions  so  as  to  minimize 
the  consumption  of  time  and  the  possibility  of  mistakes.  In  actual 
test  he  has  not  yet  found  any  other  method  to  equal  it  in  the  desiderata 
of  speed  and  self-checking. 

The  writer  is  grateful  to  Mr.  Ammann  for  calling  attention  to  the 
possible  danger  of  applying  the  conclusions  of  this  paper  without  due 
regard  to.  special  conditions  which  might  modify  the  results. 

In  discussing  the  findings  of  his  investigation,  the  writer  has 
been  careful  to  keep  in  mind  at  all  times  the  special  features  in  the 
design  and  erection  of  the  Hell  Gate  Arch  which  would  aifect  the 
results  in  any  way.  He  submits  that  a  careful  perusal  of  the  ten 
conclusions  presented  at  the  end  of  the  paper  (pages  1070  to  1072), 
will  show  no  violation  of  this  principle. 

There  is  but  one  paragraph  occurring  in  those  pages,  which  is 
not  a  rigorous  deduction  from  the  results  of  the  investigation;  but 
its  very  form  indicates  that  it  was  not  presented  as  a  deduction  or 
conclusion,  but  rather  as  a  parenthetical  adduction  of  a  conviction 
entertained  by  the  writer  and  tending  to  throw  light  on  certain  results 
obtained.  It  refers  to  the  observed  fact  that  most  of  the  measured 
secondary  stresses  during  the  erection  of  the  arch  were  less  than 
the  calculated  values,  and  reads  as  follows : 

"It  is  believed  that  similar  results,  though  not  as  marked,  would 
be  found  in  other  structures.  The  actual  secondary  stresses  will  gener- 
ally be  lower  than  the  calculated  values.  There  is  an  automatic  re-ad- 
justment of  strains  within  a  structure  in  such  direction  as  to  relieve 
the  secondary  stresses." 

The  writer  trusts  that  no  one  will  take  exception  to  the  foregoing 
statement,  as  it  is  a  simple  matter  to  demonstrate,  both  mathematically 
and  practically,  the  validity  of  the  proiX)sition  therein  enunciated. 
It  is  not  a  conclusion  from  the  present  investigation,  although  it  is 
corroborated  by  the  results  obtained. 
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Mr.  Apart  from  this  passage,  which  was  not  intended  as  a  conclusion, 

Steinman.  ^^^  from  Conclusion  No.  4,  which  has  already  been  the  subject  of 
extensive  discussion,  the  writer  would  like  to  ask  Mr.  Ammann  to  point 
out  anything  in  the  summary  of  conclusions  which  can  possibly  be 
regarded  as  too  far-reaching  a  deduction  from  the  results  of  the  in- 
vestigation. 

Mr.  Ammann  refers  to  the  objects  for  which  the  measurements  were 
undertaken,  but  this  matter  has  already  been  presented  in  the  paper 
and  in  Dr.  Lindenthal's  discussion. 

Mr.  Ammann  points  out  that  one  of  the  objects  in  the  pro- 
gramme of  investigation  has  not  been  accomplished,  namely  the  meas- 
urement of  the  live-load  stresses  in  the  finished  structure.  It  is  to  be 
regretted  that  Dr.  Lindenthal  interrupted  the  investigation  at  this 
critical  point,  and  the  writer  joins  Mr.  Ammann  and  the  others  who 
have  expressed  the  hope  that  some  Federal  bureau  or  technical  society 
may  take  up  the  measurements,  so  as  to  include  the  final  live-load 
stresses. 

Mr.  Randorf  contributes  an  important  suggestion  as  to  the  possible 
influence  of  the  varying  elasticity  of  the  steel  on  the  results  of  the 
measurements.  Although  a  uniform  value  of  30  000  000  for  the  modulus 
of  elasticity  was  assumed  in  reducing  the  observations,  the  effect  of 
possible  variation  from  this  value  was  discussed  on  page  1061  of 
the  paper. 

Professor  Maclvay,  in  his  investigation,  as  mentioned  on  page  1095, 
adopted  a  value  of  29  000  000  for  the  elastic  modulus.  The  difference  in 
the  quality  of  the  steel  in  the  two  structures  tested  would  justify  this 
difference  in  the  assumed  values  of  E. 

Mr.  Eandorf's  suggestion  that  the  modulus  of  elasticity  of  the 
material  should  be  verified  by  special  tests  is  certainly  a  good  one.  In 
the  present  case,  the  satisfactory  agreement  between  average  calculated 
and  average  measured  stresses  would  appear  to  be  a  confirmation  of 
the  correctness  of  the  assumed  value  of  E ;  nevertheless,  it  is  readily 
conceivable  that  some  of  the  variations  in  the  results  might  be  traced 
to  fluctuations  in  the  elasticity  of  the  material. 

Most  of  the  questions  raised  in  Mr.  IVIolitor's  valued  contribution 
have  already  been  answered  in  connection  with  the  preceding  dis- 
cussions. There  are  a  number  of  points,  however,  which  call  for 
individual  consideration. 

Referring  to  the  features  which  gave  rise  to  the  observed  discrep- 
ancies between  calculated  and  measured  secondary  stresses,  Mr.  Molitor 
wants  to  know  why  these  features  were  not  provided  for  in  the  com- 
putations, so  that  a  closer  comparison  might  have  been  secured. 
Perhaps  the  best  way  of  answering   this   question   is  to   present   for 
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individual  consideration  the  following  list  of  factors  tending  to  pro-       Mr. 
duce  deviations  from  computed  secondary  stresses: 

1. — The  common  theory  of  secondary  stresses  assumes  absolute 
angular  rigidity  of  the  connections,  whereas,  actually,  there  must  be 
some  elastic  yielding  or  mechanical  slip  between  the  members.  This 
condition,  occurring  to  some  extent  in  all  structures,  tends  to  relieve 
the  secondary  stresses.  The  amount,  however,  is  unknown,  and  is 
not  susceptible  of  analytical  determination.  The  effect  is  augmented 
materially  by  the  slip  and  re-adjustment  which  take  place  when  the 
drift-pins  and  bolts  used  temporarily  during  erection  are  replaced 
by  rivets.  No  attempt  is  made  to  correct  for  this  condition  in  the 
computations,  as  the  part  due  to  elastic  strain  is  too  small  to  justify 
the  effort,  and  that  due  to  mechanical  slip  is  too  erratic  and  arbitrary 
to  permit  analysis.  It  is,  of  course,  on  the  safe  side  to  ignore  this 
effect. 

2. — The  common  theory  of  secondary  stresses  neglects  the  bending 
moments  produced  in  the  members  by  the  eccentricities  resulting  from 
their  flexural  deformations.  This  condition  tends  to  augment  the 
secondary  stresses  in  compression  members  and  to  reduce  them  in 
tension  members.  Provision  for  this  effect  greatly  complicates  the 
analysis  and  computations,  and  ordinarily  it  may  be  disregarded.  For 
long  and  slender  members,  however,  the  effect  would  be  appreciable. 

3. — In  the  generally  accepted  method  of  analyzing  trusses,  the 
primary  stresses  are  determined  on  the  basis  of  frictionless  joints. 
There  is  a  small  error  involved  in  this  assumption,  as  the  joints  are 
not  frictionless,  but  possess  rigidity.  The  elastic  curvature  assumed 
by  the  members  under  the  secondary  strains  gives  them  a  girder 
action  whereby  a  certain  amount  of  transverse  shear  is  transmitted 
from  panel  point  to  panel  point,  and  the  primary  stresses  are  relieved 
to  that  extent.  This,  in  turn,  results  in  a  slight  modification  of  the 
secondary  stresses,  generally  a  reduction;  but  the  effect  is  small, 
and  as  the  corresponding  calculations  are  laborious,  they  are  neglected, 

4. — Shop  inaccuracies  in  laying  out  the  rivet  holes  for  end  con- 
nections, either  as  to  distance  or  angle,  will  produce  secondary  stresses 
not  covered  by  the  computations. 

5. — Temperature  differences  between  parts  of  the  structure  or  of 
the  same  members  will  produce  secondary  stresses  not  included  in 
the  calculations. 

6. — Inaccurate  facing  of  the  ends  of  compression  members  may 
produce  eccentric  bearing  at  the  butt-joints,  and  the  effect  will  appear 
in  the  measured  secondary  stresses. 

7. — An  important  factor  is  the  use  of  drift-pins  during  erection. 
When  these  are  replaced  by  rivets,  a  certain  amount  of  mechanical 
slip  and   re-adjustment  of  strain  occurs   at   the  joints,   permitting   a 
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Mr.  partial  release  of  the  secondary  strains.  If  the  secondary  stresses 
einman.  ^Yion  obtaining  are  contrary  in  sign  to  the  final  secondaries  at 
the  same  points,  the  ultimate  effect  of  the  mechanical  slip  will  be  an 
augmentation  of  secondary  stress.  On  the  whole,  this  feature  is 
too  erratic  and  arbitrary  to  permit  analysis ;  consequently,  it  is  not 
provided  for  in  the  computations. 

8. — For  large,  built-up  sections,  there  is  some  uncertainty  as  to 
the  distribution  of  stress  over  the  cross-section.  I^avier's  law  cannot 
be  assumed  to  apply  with  positiveness.  The  division  of  stress  between 
the  plates  and  angles  composing  the  section  may  be  imperfect,  depend- 
ing on  the  riveting;  and  local  stress  concentrations  are  produced  by 
splices,  diaphragms,  and  details.  All  these  conditions  affect  the 
measured  secondary  stresses,  but  cannot  be  provided  for  in  the  com- 
puted secondaries. 

The  foregoing  list  of  disturbing  factors  should  serve  to  make 
clear  why  the  exact  values  of  the  secondary  stresses  cannot  be  antici- 
pated by  computation,  and  why  the  results  of  theory  should  be  sup- 
plemented by  experimental  investigations  aiming  to  throw  light  on 
the  individual  and  collective  amounts  of  these  deviations  from  the 
calculated  stresses. 

In  addition  to  the  conditions  previously  outlined,  which  are  of  more 
or  less  general  occurrence,  there  were,  in  the  case  of  the  Hell  Gate 
Arch,  two  other  features  affecting  the  secondary  stresses,  as  follows : 

1. — The  three-faced  joints:  With  regard  to  these,  it  is  important 
for  clearness  to  distinguish  between  their  action  in  relieving  the 
primary  stresses  in  the  outer  fibers,  and  their  influence  in  permitting 
partial  hinge  action  at  the  connections  during  erection.  The  forrher 
effect  does  not  change  the  secondary  stresses  (defined  as  one-half  the 
difference  between  top  and  bottom  fiber  stresses)  ;  consequently,  no 
correction  for  it  is  necessary  before  comparing  measured  and  cal- 
culated secondaries.  The  hinge  effect,  on  the  other  hand,  does  modify 
the  secondary  stresses,  but  it  is  more  or  less  indeterminate  qualita- 
tively as  well  as  quantitatively.  It  is  resisted  to  an  unknown  extent 
by  the  presence  of  the  splice-plates  and  drift-pins;  and  it  ceases  to 
occur  when  the  primary  stresses  attain  an  undefined  value.  The  ulti- 
mate effect  on  the  secondaries  will  depend  on  the  reversals  of  secondary 
flexure  taking  place  during  erection.  For  these  reasons  it  would  be 
practically  futile  to  endeavor  to  provide  for  this  hinge  action  in  the 
computations. 

2. — The  cantilever  erection :  This  produced  large  secondary  stresses 
during  the  erection  stage,  and  a  part  of  these  persisted  in  the  structure 
after  its  transformation  into  an  arch. 

The  effects  of  the  ten  features  just  enumerated  as  influencing  the 
secondary  stresses  are  complicated  by  their  action  in  combination. 
The  action  of  the  three-faced  joints  is  modified  by  the  interference 
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of  splice-plates  and  drift-pins;  the  effect  of  the  cantilever  erection  Mr. 
is  controlled  by  the  vuiknown  amount  of  hinge  action  taking  place  as 
a  result  of  the  three-faced  joints;  the  replacement  of  drift-pins  by- 
rivets  is  accompanied  by  an  uncertain  amount  of  slip  and  strain 
redistribution  in  the  connections;  and  the  transformation  from  can- 
tilever to  arch  involves  unknown  re-adjustments  of  strain  at  all 
the  joints. 

In  his  computation  of  the  secondary  stresses,  the  writer  followed 
the  established  procedure  and  did  not  provide  for  the  previously 
discussed  modifying  factors.  To  take  all  these  features  into  account 
analytically  would  be  impossible;  for  most  of  them  even  a  qualitative 
prediction  would  be  difficult.  The  best  that  can  be  done  is  to  deter- 
mine their  combined  effect  experimentally  for  individual  cases,  until 
sufficient  data  are  thus  accumulated  to  form  a  basis  for  empirical 
rules  to  be  applied  to  other  structures. 

Mr.  Molitor  suggests  that  the  features  just  discussed  would  neces- 
sarily result  in  very  small  secondary  stresses.  If  he  had  predicted, 
in  advance  of  this  investigation,  that  the  combined  effect  of  these 
features  would  be  to  reduce  the  secondary  stresses,  he  would  have 
proved  himself  a  poor  prophet;  for,  as  it  happens,  the  secondary 
stresses  in  the  final  stage  average  about  120%  greater  than  the  cor- 
responding computed  values.  (See  Table  5.)  He  would  have  been 
underestimating  the  intensifying  effect  of  the  cantilever  method  of 
erection,  which,  in  this  case,  outweighed  the  combined  influence  of 
all  the  other  features  tending  to  modify  the  secondary  stresses. 

What  Mr.  Molitor  apparently  has  in  mind  is  the  easily  anticipated 
relief  in  the  stresses  in  the  outer  fibers  as  a  result  of  the  greater 
concentration  of  pressure  in  the  middle  thirds  of  the  three-faced 
joints.  This,  however,  is  not  a  secondary  stress  in  the  accepted  sense 
of  the  term ;  it  is  merely  a  redistribution  of  the  primary  or  axial  stress 
over  the  cross-section.  In  the  case  of  the  Hell  Gate  chord  members, 
this  action  of  the  three-faced  joints  proved  to  be  a  saving  feature; 
it  just  about  neutralized  the  resultant  augmentative  effect  of  all  the 
other  disturbing  conditions,  so  that  the  final  extreme  fiber  stresses 
came  down  to  the  calculated  values  (see  page  1068).  For  the  sake 
of  clearness,  however,  it  should  be  understood  that  this  effect  of  the 
three-faced  joints,  although  representing  a  reduction  of  the  outer 
fiber  stresses,  is  not,  strictly  speaking,  a  reduction  of  the  secondary 
(or  flexural)  stresses.  It  does  not  affect  the  comparison  between 
measured  and  calculated  stresses  so  long  as  these  are  defined  as  one- 
half  the  difference  between  top  and  bottom  fiber  stresses. 

No  exception  can  be  taken  to  the  point  made  by  Mr.  Molitor  that 
the  Hell  Gate  Arch  Bridge  is  not  the  most  suitable  structure  for 
proving  or  disproving  the  correctness  of  secondary  stress  computa- 
tions;   but    that    was    not   the    object    of   these   investigations.      The 
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Mr.       measurements  were  undertaken   primarily   for  the  purpose  of   ascer- 

■  taining  the  actual  stresses  in  the  Hell  Gate  Arch,  and  that  object  was 

attained.     Incidentallj',  the  results  secured  have  been  studied  and  the 

conclusions  reported  in  ol'der  to  throw  whatever  light  they  can  on  the 

effects  of  the  various  features  tending  to  modify  the  stresses. 

In  this  connection,  the  Avriter  wishes  to  point  out  that,  although 
the  Hell  Gate  Arch  results  represent  the  composite  effect  of  many 
stress-modifying  elements,  nevertheless,  the  measurements  may  be 
studied  so  as  to  single  out  the  effects  of  some  of  the  special  features. 
For  example,  by  comparing  the  results  in  the  arch  stages  (3-1?  and 
^-H)  with  those  in  the  preceding  cantilever  stages,  information  is 
secured  on  the  effect  of  the  transformation  from  cantilever  to  arch; 
and  it  is  thus  found  that  this  single  feature  of  the  erection  outweighs 
the  combined  effect  of  all  the  other  factors  modifying  the  secondary 
stresses.  Similarly,  a  comparison  of  the  final  secondary  stresses  accord- 
ing to  the  respective  definitions  represented  by  the  two  branches  of 
the  graph  in  Fig.  5,  yields  directly  the  effect  of  the  three-faced  joints 
in  relieving  the  outer  fiber  stresses.  With  these  two  special  features 
(cantilever  erection  and  three-faced  joints)  separated  out,  there  is 
little  left  in  the  results  and  conclusions  that  may  not  be  of  general 
application  to  other  stnictures. 

Referring  to  the  method  used  for  computing  the  secondary  stresses 
in  the  Hell  Gate  Arch,  Mr.  Molitor  remarks  that  it  is  "admittedly  labor- 
ious, and  might  have  been  somewhat  simplified".  If  Mr.  Molitor  knows 
of  any  solution  that  is  less  laborious,  or  of  any  further  simplification 
that  might  be  introduced,  the  Profession  would  certainly  welcome  his 
contribution.  If,  however,  he  is  referring  to  the  method  described  in 
the  chapter  on  Secondary  Stresses  in  his  book,  he  is  claiming  an 
advantage  which  is  not  substantiated  by  actual  comparisons.  That 
solution  was  invented  and  published  by  Miiller-Breslau  more  than 
30  years  ago,  but  it  has  failed  to  stand  the  test  of  time  in  competition 
with  other  methods. 

The  writer  uses  Winkler's  method  which  involves  only  one  unknown 
for  each  panel  point,  whereas  Miiller-Breslau's  treatment  requires  the 
solution  of  two  unknowns  for  each  member.  Thus,  for  the  Pratt  truss 
worked  out  by  Mr.  Molitor  in  his  book,  he  has  to  determine  22 
unknowns;  for  the  same  problem,  Winkler's  method  would  involve 
only  6  unknowns.  The  simultaneous  equations  in  Winkler's  solution 
are  one  for  each  panel  point,  while  Miiller-Breslau's  method  requires 
in  addition  three  equations  for  each  truss  triangle;  and  the  method 
of  elimination  used  for  solving  these  equations  is  no  more  expeditious 
than  the  procedure  of  successive  approximations  used  by  the  writer. 

In  the  discussions  there  has  been  practically  no  mention  of  two  of 
the  most  interesting  facts  established  in  the  course  of  the  investigation. 
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One  was  the  hinge  action  of  the  three-faced  joints,  permitting,  in  the       Mr 


early  stages,  a  certain  amount  of  rotation  which  was  easily  measured. 
The  other  was  the  re-adjustment  and  re-distribution  of  stress  at  the 
joints  when  the  drift-pins  were  replaced  by  rivets.  Before  the  meas- 
urements were  made,  doubt  was  expressed  in  certain  quarters  as  to  the 
actuality  of  both  of  these  anticipated  effects,  but  the  investigation  has 
set  all  such  doubts  at  rest. 

In  conclusion,  the  writer  wishes  to  repeat  his  acknowledgment  of 
indebtedness  to  all  those  who  have  discussed  the  paper,  as  he  realizes 
that  their  contributions  have  greatly  enhanced  its  usefulness  to  the 
Profession.  On  account  of  the  necessary  brevity  of  the  paper,  some  of 
the  thoughts  and  conclusions  were  perforce  inadequately  presented;  and 
the  discussions  so  generously  contributed  have  helped  to  focus  atten- 
tion on  the  points  of  greatest  interest  and  to  remove  any  doubts  as  to 
the  interpretations  to  be  drawn. 

This  paper  would  not  be  complete  without  a  closing  tribute  to 
Dr.  Lindenthal  for  his  foresight  in  conceiving  the  investigation,  and 
for  his  public  spirit  in  undertaking  it  at  his  own  expense. 


Steinman. 
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ICE  DIVERSION, 

•HYDRAULIC  MODELS,  AND  HYDRAULIC 

SIMILARITY* 

By  Benjamin  F.  Groat,  M.  Am.  Soc.  C.  E. 


With  Discussion  by  Messrs.  M.  O.  Leighton,  J.  Waldo  Smith^ 
Egbert  Fletcher,  A.  F.  Parker,  E.  E.  R.  Tratman,  and  Benjamin 
F.  Groat. 

Synopsis. 
This  paper  treats  of  a  new  method  of  diverting  surface  water  and 
all  floating  materials  carried  thereby  for  the  purpose  of  preventing  jams 
in  canals  and  rivers.     The  paper  also  shows  how  hydraulic  works  may 
be  designed  by  studying  the  performance  of  small-scale  models. 


Ice  Diversion. 

On  many  of  our  northern  rivers,  notably  the  Niagara  and  St. 
Lawrence,  there  is  an  immense  annual  crop  of  ice  which  must  be 
taken  care  of  in  one  way  or  another,  in  order  to  protect  the  various 
interests  along  the  shores  against  damages  resulting  from  shoves,  jams, 
and  heavy  runs. 

These  heavy  floes  consist  of  ice  in  all  its  forms  and  conditions, 
so  that  no  one  method  of  treatment  is  likely  to  be  entirely  effective 
against  all  of  them.  There  is,  however,  one  property,  more  or  less 
pronounced,  which  is  common  to  all  forms,  and  this  fact  is  available 
toward  a  general  solution  of  the  problem.  Ice  is  buoyant  unless 
weighted  down  by  heavier  solids,  such  as  stones  frequently  carried  by 

*  Presented  at  the  meeting  of  January  2d,  1918. 
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the  anchor  form.  Even  when  no  heavier  solids  are  carried,  there 
are  forms  of  such  spongy  character  that  the  water  contained  by  the 
interstices  produces  a  water-logged  variety,  which,  once  submerged, 
rises  to  the  surface  very  slowly. 

Some  years  ago  it  occurred  to  the  writer  that  the  proper  way  to 
■divert  floating  materials  is  to  make  the  surface  currents  carry  them 
away,  rather  than  use  a  boom,  which,  in  reality,  opposes,  instead  of 
assists,  the  movement  of  floatage,  and  has  little  or  no  effect  at  all  on 
materials  suspended  below  the  surface  of  the  water.  Following  this 
line  of  thought,  a  patent  has  been  applied  for  which  covers  both 
method  and  means  for  effecting  a  diversion  of  floating  materials 
superficially,  and  a  diversion  of  water  sub-superficially,  so  that  all,  or 
nearly  all,  the  water  containing  ice  can  be  diverted  in  one  direction, 
while  the  remainder  can  be  turned  into  another — as  into  a  power 
canal — practically  free  from  ice  and  all  other  floating  debris.  In 
addition,  it  is  possible  to  prevent  jams  and  to  control  the  surface 
currents  of  a  river  or  stream  so  that  it  will  be  capable  of  carrying 
off  all  floating  materials  as  fast  as  they  are  supplied  from  above,  or 
can  form  within  it. 

As  it  is  principally  the  surface  currents  which  carry  floating  mate- 
rials, it  will  be  possible  to  measure,  more  or  less  exactly,  the  trans- 
porting capacity  of  a  river  at  a  particular  place  by  means  of  the 
product  of  the  width  and  mean  surface  velocity  at  the  place.  For 
brevity,  this  product  may  be  called  the  "transportivity"  of  the  river 
at  the  given  place. 

The  transportivity  of  a  river,  then,  furnishes  a  test  of  the  probability 
of  a  jam  or  congestion  of  ice  at  any  place.  If  it  be  found,  for 
example,  that  the  transportivity  of  a  stream,  relative  to  the  number 
of  square  feet  of  floatage  per  second  to  be  discharged,  is  great  at  one 
point  and  small  at  another  a  short  distance  below,  it  would  appear 
likely  that  a  jam  might  form  at  some  intermediate  place.  Such  a 
condition  would  exist  in  a  reach  of  a  river  which  consists  of  a  wide 
deep  pool  fed  by  a  broad  shallow  section  and  discharged  by  a  narrow 
deep  outlet  of  relatively  large  sectional  area.  Evidently,  the  pool  might 
be  supplied  with  floating  materials  more  rapidly  than  it  could  dis- 
charge them,  the  transportivity  of  the  feeder  being  much  greater  than 
that  of  the  outlet,  saying  nothing  of  any  ice  which  might  originate 
in  the  pool  itself. 
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The  foregoing  statement  is  not  based  merely  on  theory,  but  rests 
on  firmly  established  facts  connected  with  the  winter  conditions 
obtaining  on  our  northern  streams  generally. 

The  method,  then,  by  which  a  diversion  of  water  from  a  river  to 
a  power  canal  can  be  made,  while  all  the  ice  is  carried  away  by  the 
river  or  main  stream,  is  to  cause  the  river  to  have  a  high  surface 
transporting  capacity  in  the  vicinity  of  the  canal  intake  and  at  the 
same  time  reduce  to  small  proportions,  or  even  make  negative,  the 
transportivity  of  the  canal  intake  itself.  It  is  clear  that  no  material 
increase  in  the  probability  of  jams  below  the  intake  will  result  by 
reason  of  this  arrangement. 

Fig.  1  shows  the  writer's  method  and  means  for  securing  this 
important  result.  A  model  of  an  actual  river  has  been  constructed 
to  a  scale  of  one-hundredth  the  full  size.  This  reach  is  marked  SS', 
and  shows  the  water  flowing  from  right  to  left.  The  ice,  represented 
by  cakes  of  paraffin  cut  to  scale,  flows  with  the  surface  water.  The 
intake  of  the  canal  is  shown  at  C.  In  this  particular  instance,  the 
entrance,  or  intake,  of  the  canal,  is  too  wide,  and  the  first  step  toward 
reducing  the  transportivity  of  the  intake  is  to  introduce  a  jetty,  B, 
extending  part  way  across  the  opening.  The  transportivity  of  the 
intake  may  now  be  further  reduced  by  dredging,  or  otherwise  excavating, 
several  channels  in  a  transverse,  or  oblique,  direction  across  the  main 
stream  and  leading  toward,  to,  or  even  into,  the  intake  of  the  canal. 
As  the  channels  must  be  separated  by  ridges,  or  other  elevations 
between  them,  the  transportivity  of  the  main  stream  will  not  be  altered 
materially  if  the  crests  of  the  ridges  are  left  at  the  original  surface 
of  the  bed  of  the  stream.  This  condition  must  maintain  because  the 
effective  transverse  cross-section  of  the  main  stream  has  not  been 
altered  materially  though  the  effective  transverse  cross-section  of  the 
intake  has  been  enlarged  to  any  desired  extent.  If  it  should  be  required 
to  increase  the  transportivity  of  the  main  stream,  the  ridges  may  be 
built  to  any  desired  elevation  higher  than  the  original  bed.  This  joint 
control  of  the  surface  transporting  capacities  of  stream  and  canal 
intake  can  be  exercised  by  adjusting  proportions  ad  libitum. 

In  many  cases  it  will  be  found  necessary  to  provide  a  wing,  W, 
to  prevent  materials  from  floating  into  the  intake  around  the  up-stream 
head,  and  it  may  be  of  advantage  to  construct  a  jetty,  D,  extending 
from  the  shore  opposite  the  intake,  or  to  build  some  other  kind  of 


Fig.   1. — Model   Illustrating   Ice   Diversion. 


Fig.  2. 
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structure  for  the  purpose  of  narrowing  the  main  stream  in  the  vicinity 
of  the  intake,  the  object  being  to  concentrate  the  surface  water  of 
the  river  over  the  diversion  channels  and  ridges,  thus  reducing  the  length 
of  the  channels,  and  consequently  also  the  excavation  and  ridge  con- 
struction. 

It  may  be  further  explained  that  so  many  transverse  channels  and 
ridges  will  not  always  be  required.  The  locations  and  dimensions 
of  the  jetties,  wings,  channels,  ridges,  or  other  elements  for  effecting 
a  separation  of  the  ice  and  canal  water,  must  be  determined  in  each 
particular  instance  by  careful  theoretical  study  most  effectively  aided 
by  digesting  the  results  of  tests  on  models.  As  an  illustration  of  such 
a  change  from  the  conditions  shown  in  Fig.  1,  the  writer  may  refer 
to  Fig.  2,  wherein  the  jetty,  D,  has  been  removed.  The  illustration 
shows  the  result  of  a  test  with  the  same  hydraulic  conditions  as  in 
Fig.  1,  the  ice  diversion  being  nearly  as  satisfactory,  but  the  wing,  IF, 
requires  considerable  more  extension  into  the  channel  of  the  main 
stream.  This  would  be  objectionable  if  navigation  would  be  seriously 
impaired  thereby. 

The  writer  has  a  theory  for  the  design,  construction,  and  operation 
of  such  an  ice  and  water  separating  and  diverting  works,  but  will 
not  enter  into  many  details  for  the  present,  as  it  would  tend  to  distract 
the  technical  reader's  attention  from  the  main  principles  and  facts 
established,  and  might  be  subject  to  some  criticism  by  persons  less 
accustomed  to  formal  methods  of  thought  and  research.  However,  it 
may  be  permissible  to  explain  briefly  the  operation  of  the  sub-surface 
diversion  channels  and  ridges. 

It  is  evident  that  water  must  flow  from  the  main  stream  to  the 
divergent  canal,  if  there  is  any  draft  by  consumers  along  the  canal. 
This  will  cause  a  greater  or  less  tendency  for  all  parts  of  the  water 
in  the  main  channel  and  diversion  channels  to  flow  toward  the  canal, 
as  the  water  consumed  or  otherwise  taken  from  the  latter  would  natu- 
rally cause  a  fall  of  the  water  surface  at  the  intake  within  the  canal, 
and  this  would  leave  a  surplus  head  or  pressure  of  water  at  all  parts 
in  the  main  stream  and  diversion  channels  toward  the  intake. 

The  water  in  the  main  current,  however,  is  flowing  rapidly  down 
the  main  channel  because  of  the  restricted  cross-section  in  that  direc- 
tion, and  the  water  in  the  transverse  diversion  channels  is  not,  as 
it  can  have  no  component  motion  of  any  consequence  at  right  angles 
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to  the  direction  of  the  adjacent  ridges.  The  water  in  the  transverse 
oblique  channels,  between  the  ridges  and  below  their  crests,  can 
flow  with  facility  only  in  the  direction  of,  or  toward,  the  intake  of 
the  divergent  canal,  which  it  does. 

Not  so  with  the  water  at  or  near  the  surface  of  the  main  stream 
at  places  which  are  not  below  the  crests  of  the  ridges.  This  water 
does  tend  to  move  toward  the  intake,  but  only  by  reason  of  divergent  or 
transverse  accelerations  which  cause  the  main  currents  above  the 
ridges  to  become  more  or  less  curved  and  concave  toward  the  intake. 

If  the  widths  of  the  main  stream  and  intake,  the  elevations  of  the 
crests  of  the  ridges,  the  depths  of  the  transverse  channels,  and  the 
geographical  configuration  of  earth  and  water  in  the  vicinity  of  the 
intake  have  received  proper  attention  with  a  view  to  design,  alteration, 
construction,  and  operation,  the  surface  currents  of  the  main  stream 
will  not  be  impelled  toward  the  intake  sufficiently  to  cause  any  of 
the  water  at  the  surface  to  move  into  the  intake  and  down  the  canal 
while  it  is  at  the  surface. 

It  is  a  fact  that  the  writer's  method  and  invention  put  the  forces 
indicated  by  this  theory  into  actual  operation  and  furnish  a  means 
for  constructing  and  operating  the  intake  of  the  canal  and  main 
channel  in  the  vicinity  of  the  intake,  so  that  no  surface  water,  and 
therefore  no  floatage,  will  enter  the  canal  from  the  main  stream. 
With  sufficient  intelligent  application  of  the  theory,  the  surface  trana- 
portivity  of  the  intake  can  actually  be  made  negative,  so  that  the 
surface  of  the  water  will  flow  outwardly  therefrom  into  the  main 
stream,  the  canal  receiving  a  sufficient  supply  of  water  from  the  sub- 
surface or  lower  portions  of  the  main  stream  to  take  care  of  the 
combined  requirements  of  the  canal  and  negative  currents. 

This  eff"ect  can  be  produced  with  more  or  less  intensity  by  making 
what  may  be  called  a  sub-surface  diversion  of  water  to  the  canal 
from  the  lower  portions  of  the  main  stream  in  greater  quantity  than 
would  be  necessary  simply  to  supply  the  water  required  for  the  canal. 
The  result  of  this  is  that  the  excess  water  diverted  sub-superficially 
must  cause  a  counter  or  compensating  current  flowing  outwardly  from 
the  intake  into  the  main  stream. 

Fig.  3  shows  how  the  intake  performs  when  ice  is  scattered  all 
over  the  river.  It  may  be  remarked  that  the  density  of  paraffin  is 
only  a  trifle  less  than  that  of  the  heaviest  ice,  and  about  the  same  as 
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that  of  the  lightest.  When  the  cakes  of  paraffin  have  been  used  for  a 
time  they  become  covered  with  particles  of  dirt  and  grains  of  sand 
adhering  to  the  faces,  which  have  the  effect  of  increasing  their  weight. 
It  will  be  observed  that  no  paraffin,  and  therefore  no  ice,  enters  the 
canal. 

Fig.  4  shows  the  effect  of  plugging  the  down-stream  ends  of  the 
diversion  channels.  Nearly  all  ice  passing  near  the  wing  enters  the 
canal,  but  it  will  be  noticed  that  ice  which  chances  to  be  over  the 
unobstructed  parts  of  the  channels  is  not  drawn  into  the  canal  but 
passes  on  down  the  main  stream,  away  from  the  intake,  beyond  the 
influence  of  the  canal  draft.     This  is  all  clearly  shown  in  the  figure. 

Fig.  5  shows  the  result  obtained  when  the  channels  are  completely 
obstrudted  by  filling  them  with  clay  to  the  original  elevation  of  the 
bed  of  the  river.  Here  all  the  ice  placed  in  the  river  at  the  wing 
passes  into  the  canal. 

Fig.  6  shows  the  operation  of  the  intake  in  its  natural  condition, 
without  diversion  channels,  ridges,  or  wings.  The  outlines  of  the 
diversion  channels  show  in  the  illustration  because  the  clay  with 
wliich  they  are  filled  differs  in  color  from  the  saw-dust  concrete 
of  which  the  bed  of  the  river  was  constructed.  A  large  proportion 
of  river  ice — more  than  half  on  the  average — enters  the  canal. 

Performance  of  Models. 

The  writer  has  experimented  with  small-scale  hydraulic  models 
several  times.  His  conclusion  concerning  this  matter  is  that  models 
perform  in  much  the  same  way  as  the  full-size  pTOtotype.  In  fact, 
there  was  nothing  in  the  results  of  the  experiments  to  indicate  that 
they  did  not  perform  exactly  as  their  prototypes.  These  statements 
apply  equally  to  hydraulic  models  of  all  kinds,  whether  they  be  of 
machines,  such  as  water-wheels  and  pumps;  of  structures,  such  as 
overflow  dams,  weirs,  and  spillways;  of  sections  of  an  actual  river  or 
canal;  or  of  ships. 

If,  for  example,  a  model  of  a  section  of  a  river  has  been  constructed 
of  sufficient  size  to  prevent  undue  influences  from  properties  of  the 
fluid  and  materials  which  do  not  change  by  proper  amounts  with  a 
change  of  scale,  for  example,  viscosity,  surface  tension,  etc.,  it  will 
be  found  that  the  model  performs  almost  exactly  as  the  real  section 
of  river.     Velocities,  direction  of  flow,  slopes  of  water  surfaces,  con- 
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figuration  of  eddies  and  bends,  are  all  repeated  in  the  model  with 
great  fidelity,  supposing,  of  course,  that  the  model  has  been  accurately 
constructed  and  that  we  understand  what  is  meant  by  mechanical 
similarity,  as  well  as  by  geometrical  similarity. 

In  the  case  of  hydraulic  models,  it  can  be  shown  that  homologous 
velocities  in  models  of  different  size  must  be  proportional  to  the 
square  roots  of  homologous  linear  dimensions.  When  the  quantities 
of  water  have  been  properly  adjusted  to  comply  with  this  requisite, 
it  may  be  said  that  the  mechanical  and  hydraulic  conditions  in  the 
two  models  are  mechanically  and  hydraulically  similar,  just  as  the 
configurations  of  fluids  and  solids  in  the  models  are  geometrically 
similar. 

This  requirement  of  mechanical  and  hydraulic  similarity  has  cer- 
tainly been  overlooked  in  some  of  the  most  important  tests  of  models. 
Its  neglect  has  led  to  the  belief  among  many  that  models  cannot  be 
relied  on,  except  as  a  means  leading  to  rough  approximations  of  doubtful 
value.  Perhaps  the  tests  of  model  water-wheels  afford  the  most  striking 
example.  So  far  as  the  writer  is  aware,  little  heed  has  been  taken 
to  see  that  model  water-wheels  are  tested  under  the  proper  heads;  or, 
what  is  the  same  thing,  if  the  head  is  fixed,  as  at  Holyoke,  that  the 
size  of  the  model  wheel  is  properly  proportioned  to  the  head.  This  is 
saying  nothing  at  all  of  the  setting  of  the  model  water-wheel,  which 
frequently  bears  no  resemblance  to  the  full-size  setting. 

Suppose,  for  example,  that  a  water-wheel  110  in.  in  diameter  is  to 
be  erected  on  a  water  fall  of  180  ft.  If  the  test  is  to  be  of  a  model 
operated  under  16.5  ft.  fall,  then  the  diameter  of  the  model  should 
be  only  about  10  in.,  as  the  head  for  the  model  is  only  about  the 
eleventh  part  of  the  total  fall  of  water  at  the  water  fall.  In  short, 
the  actual  fall  and  that  in  the  model  must  be  in  the  same  ratio  as 
the  linear  dimensions  of  the  homologous  parts  of  the  water-wheel  and 
its  model.  It  is  this  important  requirement  which  is  frequently  lost 
sight  of.  As  wheels  of  30  in.  or  more  are  usually  tested,  it  can  be 
easily  inferred  that  a  test  on  such  a  size  would  result  in  too  high  a 
value  for  the  efficiency  in  the  case  cited. 

If  the  surfaces  of  the  water  passages  in  the  model  are  made  suffi- 
ciently smooth  to  represent  correctly  the  homologous  parts  of  the 
actual  passages,  the  actual  wheel  and  its  model  should  perform  alike. 
It  can  be  shown  that  this  simply  imposes  the  condition  that  the  resist- 
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ances  to  the  flow  of  water  over  the  homologous  areas  vary  jointly  as 
the  homologous  areas  and  the  squares  of  the  homologous  velocities. 
This,  we  know,  is  nearly  realized  in  practice.  It  follows  that  the 
foregoing  statements  are  substantially  correct. 

The  fact  that  homologous  velocities  must  be  proportional  to  the 
square  roots  of  homologous  linear  dimensions  is  a  fortunate  matter, 
when  the  model  is  to  be  on  a  very  small  scale.  Otherwise,  the  velocities 
in  the  model  might  be  so  small  that  they  would  not  exceed  Reynold's 
critical  velocity,  and  thus  the  requirement  of  mechanical  similarity 
would  not  be  realized. 
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Mr.  M.    O.    Leighton,^   M.   Am.    Soc.    C.   E.    (by   letter).— The   author 

®'^  °^-  is  to  be  commended  for  his  experimental  work.  Ice  jams  at  power- 
plant  intakes  are  of  too  common  occurrence,  and  the  interruptions  to 
service  or  the  necessity  for  supplemental  power  occasioned  thereby 
result  in  large  financial  loss  and  inconvenience.  The  fact  that  so 
many  men  of  experience  differ  so  widely  as  to  the  best  methods  of 
handling  ice  is  in  testimony  of  the  diverse  conditions  met  in  different 
localities.  Therefore,  identification  of  general  principles  that  will  apply 
either  directly  or  in  modified  form  to  all  conditions  is  much  to  be 
desired. 

Mr.  Groat's  experimental  principle  is  based  on  a  separation  of 
current  direction  between  the  upper  and  the  lower  parts  of  the  stream 
section.  By  a  series  of  submerged  baffles  he  diverts  the  lower  rather 
than  the  upper  part  of  the  stream  into  the  diversion  canal  intake. 
By  suitable  modification  of  the  channel  he  provides  for  an  increase, 
or  at  least  prevents  a  decrease,  in  the  down-stream  velocity  of  the 
upper  portion  of  the  moving  water.  The  natural  question  that  will 
occur  to  many  readers  is  "What  will  happen  to  these  transverse  channels 
in  the  bottom  of  the  main  stream  in  the  case  of  rivers  that  transport 
debris?  Will  they  not  be  filled  and  their  effectiveness  thereby  be 
eliminated?"  , 

The  foregoing  question  is  very  practical.  The  majority  of  streams 
in  the  United  States  carry  more  or  less  debris.  Even  in  the  regions 
of  clear  streams,  like  Northern  New  England  and  the  far  Northwest, 
a  large  aggregate  quantity  of  material  is  rolled  along  on  the  bottom 
of  stream  channels.  This  material,  being  too  coarse  or  too  heavy 
to  enter  into  suspension,  is  precisely  the  type  that  might  be  expected 
to  lodge  in  these  transverse  channels  and  gradually  fill  them  up.  It 
is  true  that  there  might  be  some  cases  in  which  the  lateral  velocity 
generated  in.  these  transverse  channels  would  keep  the  channels  clear, 
but  in  such  event  Mr.  Groat's  device  would  become  an  efficient  instru- 
ment for  the  diversion  of  large  quantities  of  gravel,  etc.,  into  the 
diversion  canal,  which  gravel,  under  normal  conditions,  would  con- 
tinue its  course  down  stream.  Thus,  the  canal  operator  would  have  to 
determine  whether  freedom  from  ice  troubles  for  a  few  days  in  the 
year  would  be  preferable  to  an  all-the-year-round  deposition  of  gravel 
and  other  material  in  his  canal.  Presumably,  the  losses  and  incon- 
venience arising  from  the  former  would  eventually  be  far  less  than 
those  from  the  latter. 

The  writer  does  not  find  that  Mr.  Groat  has  included  this  raatter 
of  debris  in  his  discussion,   and  hopes  he  will   do  so   in  his  closure. 

*  Washington,  D.  C. 
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It  may  be  helpful  to  mention  briefly  the  general  conditions  governing       Mr. 
the  transportation  o£  debris  in  running  water.     Much  work  has  been    ®  ^  ^°°' 
done,   under   the   direction   of  the  United   States   Geological    Survey, 
at  the  hydraulic  laboratory  of  the  University  of  California,  by  Dr. 
Grove  Karl  Gilbert  and  Edward  Charles  Murphy,  M.  Am.  Soc.  C.  E., 
the  results  of  which  have  been  published.* 

A  stream  transports  material  in  three  ways : 

(a)  By  Sliding  or  Rolling. — Debris  so  transported  is  that  which 
is  too  coarse  or  too  heavy  to  be  raised  by  the  current,  but  which  is 
not  heavy  enough  to  resist  the  forward  movement  of  the  water; 

(&)  By  Saltation. — Debris  so  transported  moves  by  leaps  or  jumps. 
It  is  sufficiently  light  to  be  picked  up  by  the  current  and  carried  for 
short  distances — i.  e.,  from  a  few  inches  to  a  few  feet — and  then 
dropped  on  the  bottom  of  the  channel ; 

(c)  Suspension. — Debris  so  transported  is  sufficiently  light  or  fine 
to  remain  in  susjjension  for  longer  periods.  Some  grades  may  drop 
to  the  bottom  rather  quickly  when  the  current  is  checked,  and  some 
finer  grades  may  remain  in  suspension  almost  indefinitely,  even  under 
quiescent  conditions. 

Of  course,  there  is  no  sharp  dividing  line  between  the  finer  material 
that  moves  by  suspension  and  the  coarser  material  that  moves  by 
saltation.  It  is  the  material  that  is  rolled  along  the  bottom  and  that 
transported  by  saltation  which  might,  and  probably  would,  interfere 
with  the  complete  success  of  Mr.  Groat's  device.  Some  idea  of  the 
complexity  of  stream  traction  and  the  difficulties  encountered  in 
devising  any  method  for  controlling  the  transportation  of  debris  may 
be  gleaned  from  the  following  paragraph,  quoted  from  Dr.  Gilbert's 
paper  previously  cited: 

"The  flow  of  a  stream  is  a  complex  process,  involving  interactions 
which  have  thus  far  baffled  mechanical  analysis.  Stream  traction  is 
not  only  a  function  of  stream  flow  but  itself  adds  a  complication.  Some 
realization  of  the  complexity  may  be  achieved  by  considering  briefly 
certain  of  the  conditions  which  modify  the  capacity  of  a  stream 
to  transport  debris  along  its  bed.  Width  is  a  factor;  a  broad  channel 
carries  more  than  a  narrow  one.  Velocity  is  a  factor;  the  quantity 
of  debris  carried  varies  greatly  for  small  changes  in  the  velocity 
along  the  bed.  Bed  velocity  is  affected  by  slope  and  also  by  depth, 
increasing  with  each  factor;  and  depth  is  affected  by  discharge  and 
also  by  slope.  If  there  is  diversity  of  velocity  from  place  to  place 
over  the  bed,  more  debris  is  carried  than  if  the  average  velocity  every- 
where prevails,  and  the  greater  the  diversity  the  greater  the  carrying 
power  of  the  stream.  Size  of  transported  particles  is  a  factor,  a 
greater  weight  of  fine  debris  being  carried  than  of  coarse.  The  density 
of  debris  is  a  factor,  a  low  specific  gravity  being  favorable.  The 
shapes  of  particles  affect  traction,  but  the  nature  of  this  influence  is 

•  Professional  Paper  No.  86,  V.  S.  Geological  Survey,  under  the  authorship  of 
Dr.  Gilbert. 
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Mr.  not  well  understood.  An  important  factor  is  found  in  form  of  channel, 
LeightoD.  ggjcigjicy  being  affected  by  turns  and  curvature  and  also  by  the 
relation  of  depth  to  width.  The  friction  between  current  and  banks 
is  a  factor  and  therefore  likewise  the  nature  of  the  banks.  So,  too, 
is  the  viscosity  of  the  water,  a  property  varying  with  temperature 
and  also  with  impurities,  whether  dissolved  or  suspended." 

In  the  case  of  material  rolled  along  the  bottom  or  transported  by 
saltation,  it  is  manifest  that  grievous  complications  would  arise  in 
the  application  of  Mr.  Groat's  device,  and  it  can  well  be  imagined, 
in  view  of  the  complexities  cited  in  the  paragraph  just  quoted,  that 
no  one  can  forecast  precisely  what  would  occur,  at  least  in  the  present 
state  of  our  knowledge  of  the  subject.  It  is  probable,  too,  that  in 
very  few  situations  would  the  actual  events  be  similar  in  character. 
It  appears  to  the  writer,  therefore,  that  this  is  one  of  the  cases  in 
which  the  performance  of  a  model  will  differ  materially  from  that 
of  the  full-sized  prototype,  unless  the  model  is  located  so  as  to  copy 
with  exactness  all  the  collateral  conditions  with  respect  to  the  trans- 
portation of  debris.  As  it  would  be  difficult,  if  not  impossible,  to 
copy  such  conditions  on  a  model  scale,  it  occurs  to  the  writer  that 
the  first  section  of  Mr.  Groat's  paper  furnishes  an  excellent  illustration 
of  the  probable  fallacies  in  the  last  section. 

Mr.  Groat  introduces  a  relatively  new  term,  "transportivity",  which 
he  defines  as  the  transporting  capacity,  of  a  river  at  a  particular  place, 
which  is  measured  by  the  product  of  the  width  and  the  mean  surface 
velocity.  We  have  long  been  accustomed  to  use  the  term  ''capacity" 
to  indicate  the  maximum  load  that  a  stream  can  carry,  and  though 
this  term  is  ordinarily  applied  to  the  load  in  suspension,  in  saltation, 
or  that  rolled  along  the  bottom,  the  analogy  is  so  clear  between  these 
and  the  load  that  a  stream  can  carry  by  flotation,  that  it  seems  unfor- 
tunate to  introduce  a  new  term.  "Surface  capacity"  or  "flotation 
capacity"  would,  in  hydro-mechanical  considerations  of  this  kind,  follow 
precedent,  and  be  entirely  definitive  and  satisfactory. 

Mr.  J.  Waldo  Smith,*  M.  Am.  See.  C.  E. — It  does  not  seem  that  the 

point  made  by  Mr.  Groat  as  to  the  efficiency  and  value  of  small  models 
in  solving  hydraulic  problems  can  be  emphasized  too  strongly.  It  is 
truly  surprising  how  nearly  the  results  indicated  by  his  models  were 
verified  by  subsequent  actual  experience.  The  results  obtained  on 
small  models  are  usually  to  be  considered  as  being  indicative  rather 
than  absolute,  and  this  is  especially  the  case  in  new  fields  of  hydraulic 
construction  where  we  have  to  deal  with  what  may  be  called  excessive 
head,  quantity,  or  velocity.  In  such  situations  the  search  must  be  for 
a  guiding  experience  which  will  tend  to  indicate  all  possible  limitations 

*  New  York  City. 
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as  to  structural  dimensions,  and  as  to  the  factors  of  flow,  of  velocity,    Mr. 
and  of  turbulence  in  the  passing  water. 

With  these  ends  in  view,  a  model  was  constructed  in  connection 
with  the  design  of  the  spillway  and  channel  of  the  Boonton  Dam,  at 
Boonton,  N.  J.  The  line  of  the  spillway  channel  was  at  a  very  acute 
angle  with  the  axis  of  the  overfall  section,  so  that  when  the  water  had 
passed  into  the  channel,  after  a  fall  of  50  ft.,  its  velocity  would  have 
been  very  high.  Such  a  condition  would  have  called  for  a  high  and 
massive  retaining  wall,  in  order  to  keep  the  waters  within  the  channel 
section.  This  problem  was  solved  by  constructing  a  model  and  by 
studying  the  behavior  of  the  water  when  passing  over  it.  As  a  result 
of  these  studies,  a  steep  chute  was  constructed  at  one  end  of  the  spill- 
way section,  so  that  the  water  passing  down  it  would  acquire  a  high 
velocity  parallel  with  the  axis  of  the  overfall,  and  thus  by  its  weight 
and  volume  cause  the  resultant  between  it  and  the  volume  of  the  over- 
flowing water  to  coincide  with  the  axis  of  the  channel. 

At  the  present  time,  the  general  plans  of  the  new  overflow  dam  on 
the  Schoharie  development  of  the  Catskill  water  system  are  being 
studied,  and  there  will  be  built  a  good  sized  model  of  the  dam  and 
spillway  before  deciding  on  the  various  structural  details  involved. 
Here  the  dam  is  to  be  at  right  angles  to  the  stream  bed.  The  water 
will  pass  over  its  crest  for  a  length  of  1  300  ft.,  all  on  one  side  of  the 
valley.  The  fall  will  vary  from  160  ft.  at  one  end,  decreasing  up  the 
side  of  the  valley  to  about  20  ft.  The  down-stream  face  of  the  dam 
is  to  be  formed  in  large  steps,  from  10  to  20  ft.  in  height  and  from  10 
to  18  ft.  in  width.  The  water  will  finally  fall  into  a  spillway  channel 
along  the  toe  of  the  dam,  the  bottom  of  the  channel  having  a  steep 
grade  to  the  present  stream  bed.  A  high  wing-wall  will  be  built  along 
the  far  side  of  the  original  stream  bed,  nearly  at  right  angles  to  the 
dam  and  also  at  right  angles  to  the  axis  of  the  spillway  channel.  It  is  ~ 
expected  that  the  model  will  give  much  information  as  to  the  action 
and  behavior  of  the  water  and  in  determining  many  details  as  to  the 
structural  design,  with  particular  reference  to  any  features  which  may 
be  needed  in  order  to  guide  and  control  the  direction  of  flow. 

The  author's  reference  to  the  skimming  process  recalls  to  the 
speaker's  mind  orie  of  the  best  examples  of  this  process  which  he  has 
seen.  At  Omaha,  Nebr.,  the  very  turbid  Missouri  River  water  was 
pumped  into  a  settling  reservoir,  composed  of  a  series  of  basins  about 
30  ft.  deep.  The  water  paused  in  these  basins  and  then  successively 
passed  over  long  weirs  separating  the  basins.  The  sediment  settled 
quite  rapidly,  so  that  the  thin  skin  passing  over  the  last  weir  was,  when 
seen,  quite  clear — for  water  of  such  character — and  reasonably  satisfac- 
tory for  use  without  coagulation  or  filtration. 


Mr. 
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Robert  Fletcher,*  M.  Am.  Soc.  C.  E.   (by  letter). — The  author 
Fletcher.  j_^^^   niade  a  very   positive  and   questionable   statement   on   the   "Per- 
formance of  Models"  in  the  following  words : 

"His  conclusion  concerning  this  matter  is  that  models  perform  in 
much  the  same  way  as  the  full-size  prototype.  In  fact,  there  was 
nothing  in  the  results  of  the  experiments  to  indicate  that  they  did 
not  perform  exactly  as  their  prototypes.  These  statements  apply 
equally  to  hydraulic  models  of  all  kinds,  whether  they  be  of  machines, 
such  as  water-wheels  and  pumps;  of  structures,  such  as  overflow  dams, 
weirs,  and  spillways ;  of  sections  of  an  actual  river  or  canal ;  or  of 
ships." 

The  inexorable  laws  of  Mechanics  forbid  any  such  sweeping  general 
conclusions.  William  M.  Torrance,  M.  Am.  Soc.  C.  E.,  has  made  a  con- 
vincing exposition  of  this  question  in  an  articlef  entitled  "Use  of 
Models  in  Engineering  Design,"  and  has  warned  his  readers  against 
misconception  of  the  value  of  such  models  in  practical  applications. 
Having  made  a  model  of  a  concrete  water  tank  on  a  concrete  trestle 
tower  to  a  scale  of  1 :  30  he  showed  that  the  model  was  proportionately 
stronger  than  its  prototype  of  full  size,  inversely  as  the  scale,  or  thirty 
times  as  strong.  The  apparently  surprising  strength  and  agility  of 
diminutive  creatures,  like  frogs,  fleas,  etc.,  in  leaping  power,  was 
shown  not  to  be  remarkable,  because  the  proportionate  strength  of 
their  limbs,  being  as  their  cross-sections,  are  as  the  square  of  the 
linear  scale  of  their  size,  though  the  weights  are  inversely  as  the  cube 
of  the  scale;  hence  their  relative  muscular  power  is  as  the  scale  of 
their  dimensions.  Therefore,  a  frog  or  a  flea  can  leap  as  far  as  a  man 
can  jump,  because  he  has  relatively  more  strength  in  proportion  to  his 
weight. 

Commenting  on  this  article,  the  writer  added,  among  others,  the 
following  examples ::}: 

Passing  from  statical  conditions  to  dynamical  the  following  exam- 
ples are  to  the  point: 

"Before  the  elevated  railway  was  built  in  Boston  the  late  Capt. 
J.  V.  Meigs  made  strenuous  efforts  to  have  his  single-truss  elevated 
railway  adopted.  The  track  or  'way'  or  truss  was  provided  with  two 
bearing  rails  for  the  horizontal  wheels  and  two  lower  rails  for  the 
diagonal  wheels  of  a  unique  form  of  truck,  and  the  truss  was  sup- 
ported on  a  single  line  of  columns,  as  in  the  first  New  York  elevated 
railway.  This  is  fully  described  in  Vol.  VII,  Transactions,  Am.  Soc. 
M.  E.,  paper  ISTo.  189.  An  expensive  working  model  was  set  up  in  a 
large  upper  room  of  a  warehouse  in  East  Cambridge,  Mass.,  where  the 
inventor  demonstrated  the  'successful  working'  of  his  scheme  to  visitors, 
as  he  did  to  the  writer  and  a  class  of  students  in  November,  1885. 

*  Hanover,  N.  H. 

t  Engineering  Neivs,  December  18th,  1913. 

t  Engineering  Neics,  January  29th,  1914. 
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"The  model  engine  weighed  275  lb.,  the  tender  80  lb.,  with  a  model      Mr. 
car  six  feet  long.     Steam  was  'gotten  up'  quickly  and  the  train  devel-  ^'etcher, 
oped  an  average  speed  of  10^  ft.  per  second,  passing  curves  of  6^  ft. 
radius  and  mounting  grades  equivalent  to  610  ft.  per  mile  (adhesion 
increased  by  accumulator  pressure  on  the  horizontal  truck   wheels). 
On  level  track,  a  speed  of  22  ft.  per  sec.  was  made. 

"This  performance  doubtless  convinced  the  most  skeptical;  but  on 

this  occasion  the  spectators  were  reminded  that  the  forces  in  action, 

especially  the  centrifugal  reaction   [not  force,  but  the  opposing  effect 

of  inertia  as  the  body  is  incessantly  pushed  by  the  curving  rail  toward 

the  center]   on  the  curves,  would  be  vastly  out  of  proportion  to  the 

scale,  in  the  full-sized  train.     The  model  was  made  on  a  one-eighth 

scale,  and,  if  W  represents  the  weight  and  v  the  velocity  of  the  model, 

W       v^ 
this  centrifugal  reaction  would  be  expressed  by  —  X  — .     Assumine:  a 

g        r 

velocity  in    the    same    proportion,  one-eighth   of,    say,  66  ft.  per    sec. 

(45  mi.  per  hr.)  =  8i  ft.  per  sec,  and  radius  r  of  curve  in  like  ratio, 

then,  since  W  of  the  large  engine  will  be  as  the  cube  of  the  scale,  we 

(Sf  W       (<S)^  V 
have    the  action   of   the   actual    engine    measured   by  X  — — 

W       v^ 
=  4  096  —  X — .     To  resist  this  the  strength  of   track-frame,  trusses, 
g        r 

columns,  etc.,  which  depends  upon  the  cross-sections,  would  be  in  the 

ratio  of  (8)^  =  64  to  1:  and  the  disproportionate  dynamic  effect  of  the 

full-sized   engine  would  be  4  096  -i-  64  ==  64  times  greater  than  any 

which  the  model   could  exert.     The  numerical  measure  of  the  larger 

effect  would  be,  on  a  curve  of  6^  X  8  ft.  radius:  4  096  X  —  X  ^^  ^  ^^ 

32  6j 

=  384  000  lb.     This  is  2.7  times  the  weight  of  the  machine  (275  X  8^ 

=^  140  800  lb.)  ;  but  it  will  be  noticed  that  the  radius  is  quite  short  and  the 

speed  (66  ft.  per  sec.)  for  so  sharp  a  curve  is  not  permissible.     Right 

here  is  where  the  uninstructed  experimenter  is  deceived  if  he  infers 

proportionate  dynamical  stability  from  the  beautiful  behavior  of  the 

model. 

"A   different   case  is   that  of  an  experimental   model   dam.     In   a 

discussion  we  usually  consider  only  a  unit  of  length,  say  1  ft.    Assume 

a  model  2  ft.  high  with  any  acceptable  cross-section,  to  represent  by 

a  one-ninth  scale  a  proposed  dam  18  ft.  high.     Here  relative  statical 

effects    depend   upon    the   hydrostatic   law   that   the    [total]    pressure 

/                     h        w  h"^  9  h 

varies  as  tlie  square  of  the  depth   /  w  X  h  X  —  ^ :  w  X  9  /i  X  -;— 

w  h^^ 
=  81  — —-  \  .     But  the  similar  cross-sections  also  vary  as  the  square  of    ' 

the  scale;  and  all  pressures  and  resultants  in  the  two  cases  hold  the 
same  relative  position.  Hence,  this  is  a  case  where  the  full-sized  dam 
really  has  stability  proportionate  to  that  of  the  model. 

"This  condition,  however,  is  far  from  true  when  overflow  occurs. 
For  instance,  assume  6  in.  gage  depth  of  flow  over  the  model,  which 
would    represent    54    in.    over   the   proposed   crest.      Now   the   hydro- 
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Mr.  dynamic  law  of  discharge  over  weirs  is  (the  quantity)  Q  =  c  I  h'^, 
Fletcher,  jj^  which  c  is  a  constant,  I  the  length  and  Jb  the  gage  height  above 
the  crest ;  and  (9)1  =  27.  Here,  then,  the  discharge  over  tlie  full- 
sized  dam  would  be  27  times  that  over  the  model;  and,  more  than 
that,  it  has  nine  times  as  far  to  fall  (really  9J,  from  the  center  of 
gravity  of  the  overfall).  The  energy  acquired,  which  measures  its 
capacity  for  destruction,  varies  with  the  height  of  fall  and  is,  therefore, 
9  X  27  =  243  times  that  of  the  water  discharged  over  the  model  dam. 
r  "Considering  this  inexorable  mechanical  law  the  designer  may 
anticipate  in  some  degree  the  tremendous  impact  against  the  back- 
water below,  the  scour  on  the  bed  of  the  channel,  the  'kick-back' .  or 
reaction  against  the  apron  and  toe  of  the  dam,  the  vacuum  effect 
upon  the  dam  itself,  etc. ;  but  these  would  not  be  even  faintly  suggested 
by  the  behavior  of  the  model  and  its  6-in.  overflow."        ..^,.^,,.,. 

It  may  be  objected  to  this  discussion  that  we  have  Assumed  1  ft. 
in  length,  both  for  the  actual  dam  and  its  model;  whereas  we  should 
make  the  comparison   by   using  only   i    ft.   of   the  model;   and  that, 

therefore,  gives    only  27    to  1  ;    or,  the  relative    effects  are    as  the   — 

power  of  the  scale  ratio;  but  that  is  just  where  we  are  deceived.  It 
is  true  that  the  total  effect  of  shock  and  destruction  along  a  line  only 
one-ninth  as  long  in  the  model  as  in  the  dam  is  only  as  1  to  27;  but 
the  destructive  effect  will  not  be  confined  to  a  proportionate  length. 
The  convenient  unit  of  1  eu.  ft.  of  water  and  1  lin.  ft.  in  both  cases 
is  proper,  because  it  is  required  to  compare  the  energy,  symbolized  by 
Wh  (of  the  model),  with  that  of  Tl''''  Ji  of  the  real  conditions;  that 
is,  Wli  compared  to  27  IF  9  /( ;  or,  to  state  it  otherwise,  we  are  con- 
cerned here  to  compare  the  shock  or  destruction  per  foot  or  other 
equal  length. 

In  a  recent  work,*  J.  L.  Yan  Ornum,  M.  Am.  Soc.  C.  E.,  gives 
an  interesting  account  of  some  elaborate  experiments  made  by  German 
engineers  at  the  Experimenting  Establishment  in  Berlin.  These  are 
right  to  the  point  in  this  discussion.  The  problem  and  plan  of  pro- 
cedure are  stated  thus : 

"Because  of  uncertainties  with  regard  to  the  attainment  of  entire 
success  in  being  able  to  definitely  represent  on  a  small-scale  model 
all  the  conditions  of  a  natural  river  and  to  be  assured  that  the  effects 
of  artificial  modifications  in  the  streams  are  correctly  indicated  by 
.  corresponding  changes  of  the  model,  it  was  decided  that  the  first 
requirement  was  the  true  reproduction  of  a  definite  part  of  the  natural 
Weser  River,  and  then  to  compare  the  effects  of  flowing  water  upou 
it  with  the  state  of  the  river  bed  which  had  been  produced  by  corre- 
sponding conditions.  If  this  experimental  verification  of  the  correct- 
ness of  the  details  of  reduction  in  scale  and  choice  of  materials  proved 
satisfactory,  then  it  could  be  confidently  assumed  that  experimental 

*  "The  Regulation  of  Rivers",  pp.  163  to  172. 
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investigation  of  the  effect  of  any  proposed  plan  or  detail  of  regulating  Mr, 
works  would  show,  on  the  model,  the  consequences  that  would  result  Fletcher, 
from  the  same  construction  of  full  size  in  the  river  itself.  For  this 
purpose  a  portion  of  the  Weser,  1.6  km.  in  length  *  *  *  was 
chosen  because  of  its  availability  in  its  definitely  known  characteristics 
both  in  its  natural  state  and  after  works  of  improvement  had  been 
installed,  the  stability  of  its  bed  in  showing  similar  conditions  to  exist 
at  each  reciirring  low  water  stage,  and  because  a  more  effective  regu- 
lation of  that  stretch  of  river  was  desired. 

"The  condition  of  the  facilities  of  the  hydraulic  laboratories  caused 
the  adoption  of  a  scale  of  linear  reduction  of  1  to  100  for  both  hori- 
zontal and  vertical  dimensions.  With  regard  to  the  character  of  mate- 
rial which  should  be  used  for  the  bed  of  the  artificial  stream,  it  was 
evident  that  a  variation  in  size  corresponding  to  that  of  the  river 
itself  is  important;  but  the  question  of  the  suitable  proportionate  size 
was  not  so  clear.  It  was  said  that  apparently  the  ratio  of  volumetric 
reduction  should  be  as  1  to  100,  which  would  call  for  an  average 
diameter  of  grain  of  about  1.7  mm.  inasmuch  as  that  of  the  river 
gravel  was  about  8  mm.  However,  after  some  investigations  of  the 
behavior  of  graded  sand  of  various  average  sizes  under  the  action 
of  flowing  water,  *  *  *  a  river  sand  of  an  average  diameter  of 
about  1.2  mm.  was  chosen  for  the  material  of  the  model;  this  was, 
in  later  experiments,  changed  to  1  mm.,  or  six-tenths  the  diameter 
which  would  keep  the  volumetric  ratio  of  the  particles  the  same  as 
the  linear  ratio  of  reduction  for  the  general  dimensions  of  the  model." 

So,  to  begin  with,  a  scale  reduction  was  made,  reducing  the  size 
of  particles  to  be  transported  to  only  0.6  of  that  required  by  the  geo- 
metrical relations.  Then  the  account  goes  on  to  state  that  four 
other  requirements  had  to  be  satisfied,  viz.: 

"A  correspondence  in  relative  height  of  mean  low  w^ater,  mean 
high  water  and  mean  water  levels,  the  range  in  the  model  of  course 
being  one  one-hundredth  that  observed  in  the  Weser;  all  these  water 
levels  are  to  have  a  similar  corresponding  relation  with  respect  to  the 
tops  of  the  groynes;  the  depths  and  cross-sections  of  the  three  water 
levels  must  have  a  like  relation  to  those  of  the  natural  river;  and  the 
discharge  in  the  model  is  to  have  a  constant  ratio  to  that  of  the 
Weser  at  all  three  stages  mentioned". 

It  was  considered  that  the  continued  product  of  the  slope,  depth, 
and  reciprocal  of  the  diameter  of  the  grain  should  have  the  same 
value  in  both  the  model  and  the  river.  For  the  river  this  product  was 
0.0000235  and  for  the  model  0.021 ;  but  we  learn  that : 

"Repeated  experimental  attempts  to  attain  satisfactory  results  on 
the  basis  of  that  ^computed  slope  seem  to  have  proved  disappointing ; 
at  any  rate  a  slope  of  about  one-tenth  that  value  and  a  ratio  of  unit 
discharge  of  1 :  40000  were  experimentally  found  more  satisfactory. 
Later,  a  surface  slope  of  about  0.0015  and  a  corresponding  discharge 
ratio  of  1 :  50000  were  found  to  produce  a  channel  in  the  model  still 
more  nearly  coincident  with  that  of  the  river  itself,  especially  for 
the  higher  stages." 


1160     DISCUSSION :  ice  diversion  and  hydraulic  models 

Mr.  So  here,  again,  preliminary  trials  led  to  very  considerable  changes 

^  ^  ^^'  in  the  computed  quantities.  Then,  in  conducting  experiments,  the 
bank  protection  and  controlling  groynes  in  the  model  were  made  with 
"small  sacks  of  shot",  and  "small  pieces  of  slate,  at  slopes  of  1  on  1." 
It  would  appear  that  the  density  and  stability  of  such  materials  are 
almost  as  much  out  of  proportion  to  the  resisting  qualities  of  the 
materials  on  the  actual  river  as  would  be  steel  sheet-piling  vs.  brush 
mattresses  and  rip-rap.  Erosion  in  the  model  was  prevented  or  cor- 
rected by  these  bags  of  shot. 

Although  some  interesting  similarities  in  effects  were  found,  on 
comparing  the  profiles  and  cross-sections  of  the  model  and  the  river, 
it  was  admitted  that  there  is 

"A  lack  of  coincidence  in  details  which  suggests  the  conclusion 
that  the  system  is  not  yet  perfected.  Such  irregularities  are  found 
as  differences  in  distribution  of  shallow  and  deep  portions  of  the 
channel,  the  smaller  depths  in  the  reach  shown  by  the  model,  the 
greater  variability  in  the  experimental  depths,  and  especially  the  greater 
comparative  depths  in  the  concave  banks.  While  the  last-mentioned 
difference  is  not  important  with  regard  to  the  effect  upon  navigability, 
it  is,  nevertheless,  one  of  the  characteristics  by  which  the  question 
of  the  adequacy  of  experimental  methods  must  be  judged." 

it      Following  the  statement  quoted  at  the  opening  of  this  discussion, 
Mr.  Groat  makes  the  following  further  positive  statement: 

'Hin  the  case  of  hydraulic  models,  it  can  be  shown  that  homologous 
velocities  in  models  of  different  size  must  be  proportional  to  the 
square  roots  of  homologous  linear  dimensions.  When  the  quantities 
of  water  have  been  properly  adjusted  to  comply  with  this  requisite, 
it  may  be  said  that  the  mechanical  and  hydraulic  conditions  in  the 
two  models  are  mechanically  and  hydraulically  similar,  just  as  the 
configurations  of  fluids  and  solids  in  the  models  are  geometrically 
similar." 

He  then  states  that  experimenters  with  water-wheels  have  over- 
looked these  relations  and  conditions,  and  have  failed  to  make  proper 
tests  of  model  wheels. 

Now  the  writer  thinks  that  the  instances  cited  by  Mr.  Torrance 
and  himself  plainly  refute  the  idea  of  simple  and  always  uniform  inter- 
relations and  analogies.  It  is  shown  that,  in  a  model  of  a  static 
structure,  additional  load  must  be  supplied  to  the  extent  of  the  weight 
of  the  model  multiplied  by  the  scale  ratio.  (A  model  bridge  made 
by  the  writer  had  to  be  loaded  with  350  lb.  before  the  individual 
members  were  stressed  in  proportion  to  the  homologous  stresses  in 
the  bridge  represented.) 

In  the  single  case  of  the  model  dam,  as  the  pressure  (load)  itself 
varies  as  the  square  of  the  depth,  the  behavior  of ,  the  model  and 
its  prototype  are  the  same;  but  in  all  cases  where  dynamic  effects  are 
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involved,  we  cannot  usually  make  the  model  and  its  prototype  com-      Mr. 
parable  or  analogous  by  simple  adjustments  or  contrivances. 

Referring  now  to  the  experiments  conducted  by  Mr.  Groat,  the 
writer  would  not  presume  to  criticize  the  procedure  or  question  the 
validity  of  the  conclusions,  so  far  as  they  relate  to  the  particular  object 
sought,  and  strictly  under  the  conditions  stated.  No  doubt,  as  the 
German  experimenters  foimd,  useful  lessons  may  be  learned  from 
''model"  performances,  but  only  under  very  special  and  tractable  con- 
ditions. "VVe  have  seen  how  their  protracted  and  painstaking  endeavors 
resulted  in  admitted  failure  to  gain  the  full  result  sought.  For  one 
thing,  changes  in  the  model  or  miniature  could  be  made  with  ease; 
but  similar  modifications  under  actual  conditions  might  involve  great 
labor  and  expense  or  develop  unexpected  forbidding  conditions  which 
the  mere  model  would  not  suggest.  (Like  a  plan  "on  paper"  vs.  a 
procedure  necessitated  in  face  of  the  working  conditions.) 

Engineers  familiar  with  our  northern  rivers,  even  those  flowing 
from  north  to  south,  and  thus  under  more  favorable  conditions  for 
getting  rid  of  ice  in  the  spring,  know  too  well  some  of  the  extreme 
conditions  that  defy  calculation.  Although  pieces  of  paraflSn  in  a  small 
stream  may  simulate  ice  carried  under  ordinary  conditions  of  mod- 
erately high  water,  they  are  essentially  different  from  ice.  They  will 
not  freeze  together  as  will  ice  after  a  thaw  followed  by  a  "cold  snap"; 
they  would  not  readily  be  subjected  to  the  great  side  pressure  which 
drives  ice  laterally  into  side  channels  and  high  up  on  sleeping  banks; 
they  would  not  so  easily  simulate  the  great  jams  which  fill  the  entire 
channel,  pile  up  high  above  it,  and  cause  an  excessive  rise  of  the  river, 
leading  to  destruction  of  dams,  mill  buildings,  etc.;  neither  would 
the  miniature  contrivance  be  likely  to  produce  baffling  conditions  of 
back-water  which  vex  the  souls  of  those  who  operate  power  plants. 
The  writer's  observations  and  experience  on  a  river  like  the  Upper 
Connecticut  is  that  artificial  furrows  or  transverse  ridges  in  the  bed 
of  the  river  would  be  speedily  obliterated  in  whole  or  in  part,  either 
by  erosion  or  filling  up;  and  such  aids  as  jetties  for  controlling  the 
flow,  as  proposed,  must  needs  be  of  expensive  construction  to  be  per- 
manent, and  may  easily  be  overtopped  by  high  floods.  The  following 
instances  illustrating  the  above  stated  points  are  only  a  few  among 
many  which  might  be  cited. 

At  Sumner's  Falls  a  rocky  barrier  extends  so  obliquely  across  the 
river  that  its  length  is  nearly  double  the  direct  width  of  the  river. 
About  50  years  ago  at  this  site  there  was  a  dam,  a  canal  lock  and 
approach  canal  for  river  boats,  and  a  very  large  saw-mill  running 
seven  saws.  A  spring  flood  brought  down  ice  which  jammed  and  froze; 
a  second  flood  increased  the  jam,  piled  the  ice  high  on  the  dam  and 
against    the   banks,    and   finally   carried   the   mill    down    stream,    and 
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Mr.  wrecked  the  dam  and  lock,  whicli  were  never  rebuilt.  The  writer  has 
Fletcher,  gg^j^*  ^^  impressive  picture  of  blocks  of  ice  up  to  4  ft.  thick  (a  man 
standing  beside  one)  wedged  together  over  an  extent  of  many  acres, 
on  one  side  of  the  Lower  Yellowstone  dam,  in  Montana,  as  the  result 
of  a  high  flood.  This  suggests  in  part  the  possibilities  of  destruction 
by  a  spring  flood  carrying  ice. 

At  the  Vernon  dam  and  power-house  the  spillway  is  650  ft.  long, 
and  the  fall,  without  flash-boards,  is  32  ft.  The  river  just  below 
widens  to  1  200  ft.,  but  below  that  is  a  short  curved  narrows,  about 
400  ft.  wide.  Yet  the  engineer  reports  that  in  a  high  flood  the  water 
below  the  dam  has  risen  to  within  0.8  ft.  of  the  crest,  so  as  to  make 
it  for  a  time  practically  a  submerged  dam.  How  could  any  model 
dam  and  section  of  this  bay  and  gorge,  extending  actually  a  mile  on 
the  concave,  have  suggested  this  condition  of  back-water? 

When  we  consider  the  demonstrated  fact  that  the  transporting  power 
of  a  stream  varies  as  the  sixth  power  of  the  velocity;  that  the  energy 
of  the  flowing  water  varies  as  the  cube  of  the  velocity ;  and  know  that, 
by  geometrical  necessity,  any  model  on  a  reduced  scale  lacks  weight 
and  stability  in  itself  to  test  its  full  capacity,  under  diminutive  con- 
ditions, we  are  obliged  to  object  to  the  quoted  all-inclusive  claim  for 
the  validity  of  model  studies  and  experiment,  especially  where  hydro- 
dynamic  operations  are  involved. 
Mr.  A.  F.  Parker,!  M.  Am.   Soc.  C.  E.   (by  letter). — The  writer  has 

been  actively  interested  in  the  problem  of  canal  intakes  and  keeping 
them  clear.  This  paper  mentions  only  the  matter  of  ice  and  floating 
materials,  and  in  large  streams,  presumably  of  not  very  great  fall. 
Under  conditions  of  ice  flowing  in  such  large  rivers,  and  with  only 
moderate  velocity,  the  sub-diversion  channels  described  may  produce 
very  good  results;  but,  in  smaller  streams,  of  heavy  fall,  such  as  are 
usually  found  in  mountainous  districts,  it  is  not  so  evident  that  the 
method  presented  would  produce  the  results  sought.  In  mountain 
streams  it  is  usually  necessary  to  build  a  diversion  dam  at  each  intake. 
Sometimes  such  dams  may  be  permanent,  and  in  other  cases  movable 
dams  are  necessary  in  order  to  pass  the  annual  spring  floods.  In  the 
case  of  a  permanent  dam,  the  basin  back  of  it  always  fills  up  with  silt, 
sand,  and  sometimes  heavier  drift  materials,  so  that  in  time  there  is 
only  a  limited  space  of  any  considerable  depth  at  the  intake.  Movable 
dams  are  erected  only  at  low-water  stages,  and,  when  removed  to  pass 
the  spring  floods,  the  current  sweeps  the  deposits  accumulated  in  the 
basin  cleanly  away.  Thus  the  action  resulting  from  the  use  of  either 
form  of  dam  would  evidently  preclude  the  use  of  sub-diversion  channels. 

In  such  cases — and  such  conditions  obtain  almost  everywhere  in 
mountainous  localities — it  is  always  very  difficult  to  keep  intakes  clear 

*  Engineering  Neics,  Nove^aber  14tti»  1912,  p.,  893.  ^  ,^  ,.  ..,,^ 

t  Ogden,  Utah.     '  '  ''  '        '  ■= 
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Mr.  of  ice.  The  main  reliance  must  be  placed  on  drawing  the  water  from 
Parker.  ^^^  greatest  depth  possible  below  the  surface.  The  still  water  above 
the  dam  holds  the  ice  flow,  but  sometimes  the  mush  ice  reaches  nearly 
the  full  depth  of  the  water.  Usually,  a  large  gang  of  men  is  required 
to  keep  the  intake  clear,  and  it  is  impossible  to  prevent  considerable 
quantities  of  ice  from  entering  it. 

In  streams  of  the  kind  mentioned,  however,  the  ice  problem  is  not 
the  only  one  involved  in  intakes,  for  it  is  equally  difficult  to  contend 
with  s&nd,  gravel,  and  floating  and  submerged  driftwood.  During  high 
water  driftwood  lodges  against  trash  racks,  as  commonly  placed,  finer 
materials  are  then  caught,  and,  with  sand  and  silt,  often  make  an 
almost  water-tight  dam;  sometimes  it  is  as  difficult  to  keep  such  racks 
clear  as  when  there  are  ice  formations.  Sand  and  gravel,  washing 
into  intakes  and  thence  down  the  canal  or  pipe  line,  cause  much  dam- 
age to  water-wheels,  or  they  clog  the  canal  and  are  not  easily  prevented. 
It  is  evident  that  sub-diversion  channels  are  likely  to  be  easily  filled  in 
by  the  river  drift  in  times  of  high  water,  even  in  large  slowly  moving 
streams;  it  is  absolutely  sure  that  the  swiftly  flowing  streams  common 
to  the  mountains  would  either  fill  them  up  or  that  they  would  serve 
to  divert  the  sand  and  gravel — carried  in  great  quantities  by  the  tor- 
rential flows — into  the  intake,  a  condition  it  is  desirable  to  avoid. 
;■  Perhaps  it  is  unfair  to  discuss  conditions  differing  so  much  from 

those  assumed  in  the  paper,  as  do  the  usual  mountain  streams,  but  the 
excuse  is  in  the  great  interest  and  importance  of  the  matter  under  all 
conditions.  The  writer  submits  plans  (Fig.  7)  showing  an  intake 
designed  for  an  irrigation'  and  power  canal,  where  it  was  very  difficult 
to  deal  with  the  ice  in  winter  and  the  floating  drift,  sand,  and  gravel  in 
summer.  This  intake  was  not  built  just  as  shown  on  the  plans,  and  does 
not  now  give  the  best  results.  Had  it  been  built  as  designed,  it  would 
surely  have  done  the  work  in  the  best  possible  manner. 

The  plans  show  a  movable  dam  across  the  stream,  operated  from  a 
service  bridge  above  it.  In  place  of  the  usual  trash  rack,  there  is  a 
vertical  diaphragm  of  wood  fastened  to  steel  beams  extending  between 
undercut  concrete  piers  and  reaching  in  a  straight  line  up  and  down 
-  stream  and  nearly  parallel  to  it.  This  diaphragm  is  set  above  the  middle 
of  a  concrete  channel,  with  side-walls  flush  with  the  bottom  of  the 
river.  The  water  is  discharged  below  the  dam,  the  flow  through  the 
concrete  channel  being  controlled  by  a  wooden  gate.  The  diaphragm 
wards  off  all  floating  materials,  and  the  space  under  it  allows  the 
water  to  pass  to  the  intake.  The  channel  or  trough  of  concrete  catches 
all  sand  and  gravel  washed  down  by  the  current,  and  the  rush  of  the 
current  of  water  through  it  removes  all  such  material  and  prevents 
clogging;  the  channel  has  been  given  a  heavy  fall  in  order  to  accom- 
plish this. 
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Below  the  diapliragm,  and  some  distance  away,  there  are  two  Mr. 
Ta inter  gates,  each  18  ft.  wide  and  13  ft.  high.  Between  the  gates  and  ^'^  ^^' 
the  diaphragm,  and  on  the  river  side,  there  are  five  wooden  gates  which 
serve  as  relief  gates  for  the  pool  of  water  that  the  Tainter  gates  may 
be  made  to  form.  In  the  bottom,  and  leading  to  these  five  gates,  there 
are  some  channels  extending  diagonally  across  and  below  the  floor  of 
the  intake,  and  these  catch  and  remove  the  sand  which  passes  the  dia- 
phragm channel;  the  pool  above  the  Tainter  gates  acts  in  some  degree 
as  a  settling  basin.  The  five  wooden  gates  serve  not  only  to  close  the 
side  of  the  channel  and  provide  an  overflow,  but  are  arranged  so  as  to 
operate  the  sand  trap,  being  left  up  a  short  distance  when  there  is  water 
enough  to  waste,  or  are  raised  occasionally  for  flushing  out  the  sand. 

The  arrangements  to  care  for  all  conditions  of  flood  or  frost,  and  to 
remove  the  sand  and  gravel  entering  the  intake  are  complete,  and,  pro- 
vided there  is  sufficient  fall  to  the  location,  cannot  fail  to  do  good 
work.  The  arrangement  would  need  modification  where  the  fall  is 
light,  but  the  general  idea  could  be  preserved.  From  the  plans  the 
design  may  be  easily  understood.  Is  it  not  reasonable  to  regard  a  de- 
flecting diaphragm,  as  shown  here,  with  a  sub-surface  intake  entry,  as 
promising  better  results  under  all  conditions,  and  more  logical  to  adopt, 
than  the  usual  rack  so  easily  clogged  either  by  trash  or  ice? 

E.  E.  E.  Tratman,*  Assoc.  M.  Am.  See.  0.  E.  (by  letter). — Kefer-  Mr. 
ence  to  the  model  of  Capt.  Meigs'  elevated  railway,  in  Mr.  Fletcher's  'T'**™^"- 
discussion,  suggests  the  further  information  that  a  full-size  section 
of  this  railway  structure  was  built  and  operated  with  a  locomotive 
and  car.  This  was  done  for  purposes  of  demonstration,  and  on  the 
occasion  of  a  visit  by  the  writer,  in  1894,  Capt.  Meigs  had  the  engine 
fired  up  and  the  train  operated.  The  length  of  the  line  was  about 
1  114  ft.,  with  curves  of  from  50  to  120  ft.  radius,  and  grades  up  to 
345  ft.  per  mile. 

Benjamin  F.  Groat,!  M.  Am.  Soo.  C.  E.  (by  letter). — It  was  Mr. 
hoped  there  would  be  more  discussion  of  the  ice  diversion  works 
proposed  by  the  writer.  There  will  be  more  to  say  about  actual 
examples  in  the  future.  Most  of  the  criticisms  relate  to  imaginary 
difficulties  which  it  is  feared  will  arise  by  reason  of  gravel  and  silt 
filling  the  diversion  channels.  The  best  answer  to  this  is  that  the 
writer  has  already  constructed  several  ice  diversion  channels,  and 
there  is  no  indication  of  their  filling  for  many  years,  if  ever.  If 
they  do  partly  fill,  they  can  be  dredged  out  at  very  little  expense. 

When  ice  jams  are  prevented  by  transportivity  control,  it  will 
be  of  positive  advantage  to  have  the  channels  between  the  transverse 
ridges  fill  with  detritus,  and  the  designer  should  aim  to  direct  the 
higher  transporting  velocities  over  the  channels   in  order  to  accom- 

*  Wheaton,  111. 
t  Pittsburgh,  Pa. 
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Mr.  plish  this  result.  In  such  cases  the  transverse  channels  will  have 
'  been  left  empty  simply  to  save  the  expense  of  filling  them. 

No  comprehending  designer  would  plan  channels  causing  velocities 
capable  of  throwing  detritus  into  an  intake.  Bottom  transporting 
capacity  can  be  controlled,  as  well  as  transportivity.  The  proper 
design  first  separates  and  preserves  the  lower  currents  of  water, 
containing  depositable  material,  from  the  upper  currents  of  surface 
water  and  floatage,  after  which  the  latter  are  diverted  down  stream 
with  the  lower  currents  of  detritus. 

The  successful  operation  of  ice-diversion  works  depends  not  alone 
on  channels,  but  also  on  an  intelligent  general  planning  and  location 
of  the  structures. 

Mr.  Parker's  discussion  is  valuable  and  welcome.  No  doubt  it 
is  difiicult  to  deal  with  mountain  torrents,  and  the  question  of  detritus 
and  submerged  timber  is  serious  at  times,  even  on  the  larger  rivers 
of  low  velocity.  In  the  latter  case  it  is  known  that  bad  winters 
frequently  bring  to  certain  plants  damage  amounting  to  several  hundred 
thousand  dollars,  due  to  such  causes.  If  the  racks  are  taken  out, 
stones  get  into  the  turbines;  if  the  racks  are  kept  in  place,  they 
plug  with  ice  and  cause  a  shut-down. 

The  writer   is   certain   that   rack   spacing  has  been   generally   too 

-        small,  and  that,  with  the  rapidly  increasing  sizes  of  turbines,  there 

"        should    be    a    commensurate   increase    in    size   of   rack    openings,    the 

design   of   which   should   take   into   account   very   carefully   the   sizes 

and  character  of  timber  and  floatage   actually  occurring  in  the  feed 

water. 

Records  should  be  kept  at  the  power-house  to  determine  these 
questions,  and  thus  there  may  be  designed  a  more  appropriate  screen. 
Records  of  this  kind  are  not  usually  available  before  the  power-house 
is  built.  Racks  are  not  the  only  element  of  a  power-house  which 
may  need  to  be  reconstructed  after  the  plant  has  been  in  operation 
for  a  time. 

The  writer  is  now  designing  a  screen  for  a  large  power-house  on 
the  principle  that  it  should  be  a  unit  distinct  from  the  power-house, 
rather  than  be  api^ortioned  in  individual  screens  among  the  turbine 
units.  The  advantage  of  this  is  that,  if  a  portion  of  the  screen  is 
plugged,  it  will  not  be  necessary  to  shut  down  any  turbine,  as,  by 
the  plan  mentioned,  water  from  any  part  of  the  screen  will  feed  to 
any  and  all  wheels.  Moreover,  individual  screens  are  illogical  when 
considered  financially.  The  investor  is  not  only  compelled  to  pay 
a  large  sum  to  secure  a  sufficient  cross-section  for  a  water  passage  in 
concrete  leading  to  a  turbine,  but  is  also  compelled  partly  to  fill  it 
again  with  an  expensive  steel  obstruction  throughout  the  section. 
In  many  situations,  as  Mr.  Parker  suggests,  racks  may  be  omitted, 
at  least  for  part  of  the  year. 
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Mr.   Parker  closes   by   asking  the   question:  Mr. 

Groat. 

"Is  it  not  reasonable  to  regard  a  deflecting  diaphragm,  as  shown 
liere,  with  a  subsurface  intake  entry,  as  promising  better  results 
under  all  conditions,  and  more  logical  to  adopt,  than  the  usual  rack 
so  easily  clogged  either  by  trash  or  ice?" 

The  writer  replies  to  this  by  saying  that  he  prefers  not  to  capture 
gravel,  but  rather  to  divert  it  in  the  manner  indicated  in  the  paper; 
that  he  is  well  acquainted  with  several  deflecting  diaphragms,  like 
Mr.  Parker's  in  principle,  and  that,  so  far  as  diverting  ice  is  con- 
cerned, they  can  be  considered  as  nothing  short  of  colossal  failures — 
colossal  because  of  their  excessive  cost. 

The  writer  does  not  doubt  that  such  a  diaphragm  might  operate 
successfully  in  deep  water  when  the  draft  is  relatively  small,  but 
prefers  the  open  intake,  with  sub-surface  diversion  channels  and 
ridges  to  throw  the  ice  away  from  the  intake  and  divert  it  down  the 
main  channel.  In  the  case  of  intakes,  much  more  than  with  screens, 
the  investor  pays  a  large  sum  to  secure  a  sufficient  waterway  to  his 
power-house,  and  then  engineers  proceed  to  fill  it  with  expensive 
concrete  piers,  steel  frames,  racks,  and  perhaps  diaphragms,  the 
latter  taking  up  more  cross-sectional  area  that  could  otherwise  be 
made  available  than  all  the  rest  of  the  redundant  structures 
referred  to.  A  diaphragm  cannot  produce  a  real  sub-surface  diversion. 
&  The  writer  thinks  that  the  gravel  trap  under  the  diaphragm,  as 
described  by  Mr.  Parker,  is  unnecessary.  Its  action  cannot  depend 
on  the  hea\^'  longitudinal  fall  given  its  bottom,  but  only  on  the 
slope  of  the  water  surface  along  the  streamward  face  of  the  dia- 
phragm. At  least,  this  must  be  so  when  there  is  much  depth  of 
water  in  the  pond.  Thus,  the  rush  of  water  out  of  the  gravel  trap 
through  the  wooden  gate  would  be  confined  to  the  lower  end  of  the 
sluice,  thereby  allowing  gravel  to  accumulate  at  the  middle  and 
upper  end. 

It  would  be  better  to  eliminate  the  sluice,  and  provide  a  comple- 
mentary diaphragm  immediately  under  the  upper  one  and  extending 
upward  from  the  stream  bed  sufficiently  to  cut  oS  the  flow  of  gravel 
til  the  opening  between  the  two  diaphragms,  depending  on  the  current 
of  the  stream,  aided  by  the  wooden  gate  when  necessary,  to  wash  the 
gravel  down  stream.  The  writer  once  actually  secured  a  small  supply 
of  water  free  from  floatage  and  detritus  by  just  such  a  contrivance. 

Professor  Fletcher  makes  the  mistake  of  considering  the  immensity 
of  the  consequences  of  an  ice  jam  after  it  has  formed.  These  are 
the  things  which  ice  diversion  ridges  and  channels  will  prevent,  not 
by  taking  up  an  ice  jam  bodily  and  shaking  it  to  pieces,  but  by 
preventing  the  accumulation  of  the  pieces. 
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Mr.  Ice   jams    can    surely    be   prevented    by    transportivity    control    at 

'°* '  critical  places,   in   such   streams   as  the   Niagara    and   St.    Lawrence, 
when  the  necessary  expenditures  can  be  justified. 

The  photographs  of  the  model  (Figs.  8  and  9)  illustrate  the  effects 
of  transportivity  control  in  a  situation  different  from  that  represented 
by  the  model  showai  by  Figs.  1  to  G.  If  the  transverse  ridges  were 
carried  entirely  across  the  main  stream,  and  were  properly  designed, 
they  would  prevent  an  ice  jam  in  that  location,  supposing  jams  to 
be  likely  to  occur  there. 

Models. — The  nature  of  the  discussion  discloses  the  main  facts 
which  the  paper  intended  to  emphasize,  namely,  that  the  possibilities 
in  ice  diversion  and  in  designing  by  using  hydraulic  models  are  not 
fully  appreciated  by  engineers  generally,  and  that  such  demonstrations 
as  the  paper  affords  are  imperatively  needed. 

'     This    is    illustrated    forcibly    by    Mr.    Leighton's    quotations    and 
remarks  which  are  closed  by  him  as  follows: 

"As  it  would  be  difficult,  if  not  impossible,  to  copy  such  conditions 
on  a  model  scale,  it  occurs  to  the  writer  that  the  first  section  of  Mr. 
Groat's  paper  furnishes  an  excellent  illustration  of  the  probable  fallacies 
in  the  last  section." 

Professor  Fletcher  closes  his  remarks  by  saying: 

"When  we  consider  the  demonstrated  fact  that  the  transporting 
power  of  a  stream  varies  as  the  sixth  power  of  the  velocity;  that  the 
energy  of  the  flowing  water  varies  as  the  cube  of  velocity;  and  know 
that,  by  geometrical  necessity,  any  model  on  a  reduced  scale  lacks 
weight  and  stability  in  itself  to  test  its  full  capacity,  under  diminutive 
conditions,  we  are  obliged  to  object  to  the  quoted  all-inclusive  claim 
for  the  validity  of  model  studies  and  experiment,  especially  where 
hydro-dynamic  operations  are  involved." 

In  fundamental  contrast  with  such  ideas,  there  are  the  valuable 
results  of  actual  experiments  with  models  as  used  by  Mr.  Smith  in 
designing  the  spillway  and  channel  of  the  Boonton  Dam.  It  is  to  be 
hoped  that  Mr.  Smith  will  soon  publish  the  results  of  the  model  tests 
which  he  is  now  conducting  relative  to  the  plans  for  the  Schoharie 
development  of  the  Catskill  water  system,  and,  later,  the  results  of 
observations  on  the  actual  structure  for  comparison. 

Mr.  Hunt's  suggestion  during  the  oral  discussion  is  also  quite 
enlightening;  that  is,  a  model  is  the  only  means  for  reproducing 
all  the  complexities  of  flow  caused  by  natural  channel  conditions.  The 
writer  replied  to  this  by  saying  that  there  were  other  methods,  but 
now  wishes  to  qualify  this  by  stating  that  he  believes  Mr.  Hunt  is 
about  right;  at  least,  that  the  model  is  by  far  the  best  means. 

The  writer  purposes  to  show  that  hydraulic  models  can  be,  and 
have  been,  constructed  and  operated  so  as  to  reprof'uce  with  accuracy 
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Fig.   8. — Model,  Showing  Effect  of  TRANSPORTri'iTY  Contkul. 


Fig.  9. — Model,  Showing  Effect  of  Teansportivity  Control. 
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the    performances    of    the    corresponding    full-size    prototypes.      This     Mr. 
is  especially   true  of  the  conditions   of  flow,   and,  when  this   is   once    '^^^  ' 
grasped  by  hydraulic  engineers,  there  will  soon  be  no  further  lack  of 
experimental  data. 

It  will  be  demonstrated  that,  when  a  hydraulic  model  is  constructed 
and  tested  under  contemporaneous  conditions  of  geometric  and 
dynamic  similarity,  the  reactions  and  velocities  in  the  model  are  the 
relative  counterparts  of  the  corresponding  reactions  in  the  prototype, 
and  that  the  counterparts  include: 

(1)  Extraneous  forces,  such  as  gravitational  forces,  and  centri- 
petal forces  or  centrifugal  reactions,  when  the  latter  are  pro- 
duced by  the  rotation  of  the  model  as  a  whole; 

(2)  Internal,  centripetal  forces,  or  centrifugal  reactions;  that 
is,  those  due  to  reactions  between  different  masses  in  the 
model,  as  in  an  eddy,  for  example.  This  also  includes  tangen- 
tial accelerations  which,  of  course,  are  of  the  same  dimensions 
as  centripetal  accelerations ; 

(3)  Static  and  dynamic  effects  due  to  the  necessarily  imposed 
proportionality  of  heads  and  depths; 

(4)  Skin  friction;  .,,f 

(5)  Effects  of  wind,  more  particularly  as  regards  its  effect  on  the 
course  of  running  ice; 

(6)  Transportation  of  detritus; 

(7)  Transportivity  of  the  water  for  floatage; 

(8)  Time  for  the  model  is  made  consistent  by  reducing  the  period 
of  time  corresponding  to  observations  on  the  prototype  in  the 
ratio  of  the  square  root  of  linear  dimensions;  if  the  unit 
of  time  is  reduced  in  that  ratio,  a  watch  may  be  made  for  the 

'  ■  model  so  that  the  time  indicated  by  this  watch  will  be  numeri- 
cally equal  to  that  of  the  corresponding  observation  on  the 
prototype  taken  by  an  ordinary  watch;  thus,  time  in  the 
model  becomes  the  counterpart  of  that  actually; 

(9)  Measurements;  besides  time,  scales  of  length,  area,  volume, 
weight,  force,  etc.,  may  be  based  on  the  linear  scale  ratio, 
so  that  measurements  of  all  kinds,  including  time,  as  men- 
tioned above,  may  be  made  directly  on  the  model,  thus  avoid- 
ing calculations  to  ascertain  what  the  corresponding  quanti- 
ties should  be  for  the  prototype; 

(10)  Factors  of  safety  in  structures,  provided  the  models  are  prop- 
erly constructed  and  properly  tested. 

The  question  of  viscosity,  from  a  theoretical  point  of  view,  is  less 
satisfactory,  but  the  practical  circumstances  under  which  viscosity  is 
operative  are  such  that  it  may  be  treated  with  skin  friction,  on  the 
theory  that   all  hydraulic  resistances  finally   result  in   dynamic  reac- 
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Mr.  tions  converting  kinetic  energy  into  heat,  through  the  medium  of 
•  ■  viscosity  and  kindred  resistances. 

However,  it  is  certainly  questionable  to  consider  skin  friction 
as  due  to  viscosity  unless  a  much  narrower  definition  is  given  to  skin 
friction  than  ordinarily.  It  is  better  to  consider  all  obstructions  to 
tiow  as  offering  direct  resistances  to  the  water,  the  translatory  kinetic 
energy  of  which  is  immediately  reduced  in  the  direction  of  flow,  the 
difference  being  converted  into  kinetic  energy  of  turbulence  and 
eddies,  ultimately  to  be  absorbed  by  viscosity  friction. 

Surface  tension  may  become  very  troublesome  if  the  model  is  not 
large  enough.  This  subject  needs  much  investigation.  Surface  ten- 
sion has  a  preponderating  influence  on  weirs  when  the  head  is  very 
slight. 

Although  the  intention  is  to  confine  the  study  to  the  theory  of 
hydraulic  models,  much  of  what  is  said  will  apply  directly  to  other 
types — model  structures,  for  example — and  thus  an  opportunity  will 
be  provided  for  investigating  some  of  the  alleged  misdemeanors  of 
models. 

Theory  of  Hydraulic  Models. — Several  writers  have  given  very 
brief  and  incomplete  accounts  of  the  theory  of  models,  among  which 
may  be  mentioned: 

Eouth,  on  "Elementary  Kigid  Dynamics"  (1897),  Articles  367  to 
374,  inclusive.  These  paragraphs  relate  to  the  principle  of 
similitude  in  models  and  in  other  very  interesting  cases. 

Stanton  and  Pannell,  in  a  paper  entitled  "Similarity  of  Motion 
in  Relation  to  the  Surface  Friction  of  Fluids."  This  is  a 
British  publication  from  the  Collected  Researches  of  the 
National  Physical  Laboratory,  which  paper  every  hydraulic 
engineer  should  study.  The  word  "similarity"  in  the  title 
of  this  paper  is  used  in  a  somewhat  different  sense  from  that 
adopted  in  the  present  discussion. 

The  writer,  in  Engineering  Record,  September  25th,  1915,  page 
377. 

Forchheimer,  on  "Hydraulik",  page  33. 

Buckingham,  in  Transactions,  Am.  Soc.  Mech.  Engrs.,  Vol.  XVII 
(1915),  on  "Model  Experiments  and  the  Forms  of  Empirical 
Equations." 

Durand,  on  Model  Propellers,  in  Report  14  to  the  National  Advisory 
Committee  on  Aeronautics,  Washington. 

The  writer,  in  Canadian  Engineer,  February  14th,  1918,  page  139. 

Van  Ornum,  in  "The  Regulation  of  Rivers",  devotes  several  pages 
to  an  interesting  account  of  actual  tests  on  models  of  portions 
of  rivers. 
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The  ideal  way  to  prove  the  equivalency  of  models  and  their  pro-    Mr. 


totypes  would  be  to  determine  the  performance  of  each  by  the 
theories  of  hydrodynamics,  and  then  compare  the  results,  homologue 
with  homologue.  The  difficulties  of  integrating  the  partial  differential 
equations  for  the  simplest  cases  are  so  great,  however,  that  the  method 
must  be  abandoned  for  lack  of  time  and  perspicuity,  if  for  no  other 
reason. 

Perhaps  the  first  elementary  step  taken  toward  proving  the  prin- 
ciple of  hydraulic  similarity  should  be  by  way  of  the  Chezy  formula 

V  =  c  V  r  s (1) 

If  we  have  a  model  of  an  actual  river  channel,  and  represent  its 
elements  by  small  Italic  letters,  allowing  Equation  (1)  to  indicate  the 
relations  for  the  model,  then  the  corresponding  elements  for  the 
river  (prototype)  will  be  represented  by  the  capital  Italics,  and  we 
shall  have, 

V  =  G  V^^ (2) 

Squaring  and  taking  ratios, 

r^=(-c)    s •■•■■<«> 

R 

If  Roman  capital  letters  now  be  understood  to  represent  the 
ratios  of  corresponding  small  Italics  to  corresponding  capital  Italics, 

as  V  =  ^  , 

-=  C^S (4) 

K 

Now  the  model  is  geometrically  similar  to  the  prototype,  so  that,  if 
we  are  to  have  hydraulic  similarity,  s  =  1-  If  the  surface  of  the  model 
is  geometrically  similar  to  that  of  the  prototype,  as  supposed,  we  should 
also  have  c  =  1-     Therefore, 


Groat. 


V 


R 


Equation  (5)  shows  that  the  velocities  should  be  proportional  to 
the  square  roots  of  the  hydraulic  radii,  and,  therefore,  to  the  square 
roots  of  any  homologous  linear  dimensions,  by  reason  of  geometric 
and  hydraulic  similarity,  which  latter  extends  to  heads  and  depths 
as  well  as  to  any  other  linear  wet  dimensions.  If  the  velocities  and 
linear    dimensions    are    not    thus    connected    by    Equation    (5),    the 
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Mr. 
Groat. 


hydraulic  slopes  will  not  be  equal,  thus  causing  the  similarity  of 
flow  to  vanish. 

VII  Table  1,*  giving  Chezy  coefficients,  is  unique,  and  shows  at  a  glance 
that  the  value  of  c,  as  taken  from  the  table,  will  be  approximately  con- 
stant when  some  attempt  is  made  to  select  values  in  such  a  manner  as  to 
maintain  a  constant  ratio  between  the  probable  dimensions  of  the 
irregularities  of  the  surfaces  and  the  hydraulic  radius.  The  writer 
has  tried  this  several  times,  with  good  results.  But,  to  avoid  any 
possible  prejudice,  invited  a  young  man  familiar  with  such  matters 
to  try  it,  thereby  securing  the  results  shown  in  Table  2,  which  need 
no  explanation  except  to  state  that  the  average  of  the  values  of  the 
Chezy  coefficient  for  the  larger  and  smaller  of  the  radii  compare  as 
follows :  c  =  106-1 ;  C  =  1043.  This  is  a  practical  demonstration  of 
the  accuracy  of  model  performance  as  representative  of  the  flow  in 
an  actual  channel.  The  only  obstacle  to  more  accurate  work  is  the 
uncertainty  as  to  the  magnitudes  of  the  irregularities  of  the  surfaces, 
both  actual  and  as  indicated  in  the  table. 

The  simple  demonstration  just  given  connects  only  the  mean 
velocity,  longitudinal  surface  profile  of  the  water,  mean  depth,  and 
irregularities  of  wet  surface  at  each  of  the  individual  cross-sections 
of  the  model  with  the  homologues  in  the  prototype.  It  does  prove,  for 
example,    that    the   hydraulic    gradient    is    repeated    to    scale    in    the 


TABLE  1. — Values  of  c  Deduced  from  Darcy  and  Bazin's  Values. 
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*  Copied  from  Professor  Unwin's  article  on 
Britannica",  Vol.  14,  p.  69,  Eleventh  Edition. 
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TABLE  2. — Comparison  of  Chezy  Coefficients  from  Unvvin's  Table    Mr. 


IN  "Encyclopedia  Britannica.'' 


Groat. 


Nature  of  channel. 


Smooth  channels,  cement. 
Smooth  channels,  brick. . . 
Smooth  channels,  brick. . . 

Rubble  channels 

Rubble  channels 

Rousrh  canal  in  earth 

Rough  canal  in  earth 

Very  rough  earth  with  de- 
tritus  


Irregtilari- 

ties. 


Vet  in. 
Vsin. 
Vh  in. 

2  in. 

2  in. 

2  ft. 

2  ft. 

10  ft. 


Ratio. 


8OOO0 


\  1  6OOO0  -j 
{- 1  2000/0  ] 
500% 


Hydraulic 

radius. 


0.25 
2.00 
2.00 

32  00 
4.0 
4.8 

10.00 

50.00 


C.  from  i  Hydraulic 


Table. 


radius. 


125 
124 

124 
115 
106 
104 
91 


2.0 
16.0 
0.5 
8.0 
1.0 
12.0 
2.0 

10  0 


C,  from 
Table. 


144 
130 
110 
111 
87 
9:-! 
62 


Sum  of  smoother 

Sum  of  rougher 

Average  of  eight  values,  smoother. 
"         "       "  "        rougher.. 


■■Mh"0-lJt'' 


4« 

429 


:qo-i..7i 


.408/7 
406 


model,  and  that  the  wet  surfaces  of  the  model  must  be  made  geo- 
metrically similar  to  their  homologues  in  every  respect.  It  is,  indeed, 
the  virtual  integrations  "in  parallel"  of  the  differential  equations  for 
the  model  and  prototype,  making  their  hydraulic  slopes  (derivatives) 
equal,  and,  like  integration,  it  requires  the  supposition  of  the  existence 
of  homologous  depths  and  velocities,  and  equality  of  hydraulic  slopes 
to  begin  and  end  with;  that  is,  there  must  be  limits  for  the  integration. 

This  similarity  suggests  a  practical  fact  which  must  be  heeded 
very  carefully  when  a  model  is  to  be  tested.  The  conditions  of  flow 
surrounding  the  entrance  and  discharge  of  the  water  to  and  from  the 
model  must  be  properly  adjusted,  to  represent  exactly  those  existing 
in  the  prototype,  or  there  will  be  no  establishment  of  hydraulic 
similarity.  When  the  prototype  is  merely  a  proposed  construction, 
this  part  of  the  test  must  be  determined  by  the  most  thorough  investi- 
gation. When  the  prototype  exists,  the  conditions  of  entrance  and 
discharge  must  be  reproduced  exactly.  This  is  confirmed  by  an 
extensive  experience  with  the  hydraulic  models  illustrated  photo- 
graphically  in  this  paper. 

The  writer  might  proceed  further  with  the  interpretation  of  results, 
and  show  that  any  two  homologous  forces  in  model  and  prototype  are 
bound  to  one  fixed  ratio.  The  skin  frictions  on  homologous  areas, 
for  example,  are  in  the  same  ratio  as  the  weights  of  homologous 
volumes,  or  as  the  pressures  of  water  on  homologous  areas.  Demon- 
strations of  such  dynamical  similarity,  however,  will  be  allowed  to 
develop  in  the  sequel. 

The  most  serious  objection  to  Equations  (4)  and  (5)  is  that  they 
do  not  extend  to  details  of  the  flow,  such  as  the  distribution  and 
directions  of  velocities,   eddies,  boilers,  and  other  local   disturbances. 
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Mr.  That  these,  too,  are  reproduced  in  the  model,  will  develop,  either 
directly  or  as  collateral  results. 

Another  difficulty  undoubtedly  lies  in  the  fact  that  the  flow  in  a 
river  is  not  steady,  the  particular  configuration  existing  at  one  instant 
probably  never  again  being  exactly  repeated.  A  rigid  demonstration 
would  draw  on  the  theory  of  statistics  to  determine  an  average,  as 
compared  with  an  instantaneous  configuration.  Fortunately,  actual 
experiments  are  of  a  statistical  nature,  especially  if  the  effort  is 
to  determine  average  values  rather  than  to  record  isolated  instan- 
taneous observations. 

Verification. — Optical  demonstration  is  very  convincing.  The  map, 
Fig.  10,  shows  the  results  of  actual  comparison  of  model  and  proto- 
type.* It  represents  a  section  of  the  St.  Lawrence  River  where  a 
current  impinges  on  the  head  of  an  island  at  N,  being  thereby  diverted 
partly  into  each  of  the  two  channels  forming  the  island. 

The  quantity  of  water  supplied  the  model  was  adjusted  so  that 
the  mean  velocity  in  the  model  would  be  proportional  to  the  square 
root  (1:  10)  of  the  scale  ratio,  1: 100.  Approximate  adjustments  were 
made  at  the  inlet  and  outlet  of  the  model  to  secure  proper  entrance 
and  discharge  conditions  as  regards  distribution  of  velocities  and 
surface  levels.  The  paths  and  velocities  of  floats,  and  the  levels  of 
the  water  surface  at  various  points  were  then  compared  with  the 
homologues  observed  in  the  actual  river  by  means  of  the  plottings 
shown  on  the  map.  The  model  was  tested  in  1917,  whereas  the  obser- 
vations on  the  prototype  were  those  made  in  1904  by  John  E.  Freeman, 
M.  Am.  Soc.  C.  E.  The  hydrography  of  the  river  did  not  change  in 
the  meantime,  owing  to  the  stable  nature  of  the  channel. 

The  discharge  in  the  model  was  for  a  stage  of  3.8  at  Gauge  A, 
which  was  exactly  the  stage  of  the  river  when  the  actual  surface 
elevations  were  observed  as  indicated.  An  extremely  close  agreement 
between  individual  pairs  of  homologous  elevations  need  not  be  expected, 
because  the  elevations  in  the  model  were  determined  rather  roughly 
by  an  ordinary  rule  held  vertically  on  the  heads  of  submerged  nails 
serving  as-  bench-marks.  The  rule  was  graduated  to  hundredths  of  a 
foot  to  conform  to  the  scale  ratio  of  1 :  100.  A  more  perfect  check 
on  the  correspondence  of  water  surface  levels  can  be  made  statistically 
by  averaging  all  the  level  readings,  having  some  regard  for  weights, 
as  in  Table  3. 

The  discrepancies  of  elevation  being  pretty  well  distributed  between 
plus  and  minus,  and  the  average  elevations  agreeing  closely,  it  may  be 
concluded  that  the  contours  of  the  water  surface  were  well  represented 
to  scale  in  the  model;  moreover,  the  difference  in  level  between  M 

*  The  writer  is  indebted  to  Messrs.  F.  W.  Ely  and  E.  O.  Garrett  for  much 
assistance  in  attending  to  the  matter  of  constructing  and  testing  the  models  and,  at 
a  much  earlier  date,  to  Mr.  D.  C.  Walser  for  corresponding  work  in  connection  with 
a  model  built  to  a  scale  of  1  :1  000. 
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Mr.    TABLE  3. — Comparison  of  Water  Surface  Elevations  in  Model  and 
^'•^^*-  ' "  ^ '  ;  Prototype. 


Remarks. 

Elevation  of  Water  Surface. 

Model. 

Prototype. 

3.8 

"2.8  " 
1.8 

"i'.ii'" 
3.0 
3.5 

3.8 

2.65 

1.5 

Elevation  at  F,  extrapolated  from 
Elevation  at  F"    ....              ... 

elevations  at  G  and  N... 

3.1* 

Elevations  at  H .v^. 

2.5 

2.5 

3.78 

2.68 

*  Probably  this  elevation  slightly  too  high. 

and  N  for  the  model  was  slightly  more  than  0.01  ft.,  corresponding  to 
something  in  excess  of  1  ft.  for  the  river,  which  latter  difference  in 
level  is  known  to  exist  actually. 

The  stage  of  the  river  was  about  4.5  at  Gauge  A  when  the  velocities 
in  the  prototype  were  observed,  but  the  stage  in  the  model  was  3.8, 
the  same  as  for  the  level  observations.  This  is  a  little  unfortunate, 
but  will  only  add  interest  to  the  comparison. 

A  careful  examination  of  the  cross-section  and  discharge  curve 
of  the  river  shows  that  the  mean  velocities  in  the  cross-section  for 
the  two  stages  should  be  in  the  ratio  of  7.45  ft.  per  sec.  to  7.07  ft. 
per  sec,  or  1.053.  By  a  study  of  surface  velocities  on  the  map  along 
the  lines  a-a  and  h-h,  the  following  comparison  of  river  surface 
velocities  with  model  surface  velocities  was  made: 

a-a  b-b 

Actual  river   (higher  stage) 8.08  7.99 

Model    (lower    stage) 7.71  7.60 

Ratio     1.047  1.051 

Average  ratio    .-•^. 1.049 

Check  from  above  ratio .-^"v/T^/'. .  .    1.053 

As  the  numerators  are  based  on  observation  of  actual  river  surface 
velocities,  and  the  denominators  are  from  the  model  tests,  the  close 
agreement  of  the  ratios  thus  determined  with  the  ratio  of  the  mean 
velocities  for  the  two  stages,  based  on  the  discharge  curve,  shows  that 
the  general  distribution  of  velocities  in  the  model  must  agree  with 
that  in  the  prototype.  To  illustrate  further,  we  have: 
Mean  velocity  in  Section  a-a  (actual  discharge  curve)  _  7.07  _ 
Maximum  surface  velocity  in  Section  a-a  (model)  8.0 
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which  is  about  the  percentage  that  might  be  expected,  as  it  is  known  Mr. 
that  similar  ratios  are  in  the  vicinity  of  80%  for  such  channels. 
Of  course,  the  discharge  of  the  river  for  a  stage  of  3.8  might  now  be 
'computed  from  the  observed  discharge  of  the  model  for  that  stage. 
It  may  also  be  added  that  the  large  eddy  shown  in  the  model  above 
Gauge  A  occurs  in  the  river  just  as  reproduced  in  miniature.  Indeed, 
that  was  one  of  the  main  criteria  used  in  the  model  test  to  indicate 
when  the  entrance  conditions  were  proper,  the  importance  of  which 
has  been  mentioned. 

Theory  of  Dynamic  Similarity.'^ — The  preceding  discussion  relates 
particularly  to  the  flow  in  channels,  and  does  not  extend  to  details. 
A  brief  statement  of  the  principles  of  dynamic  similarity  will  be  made, 
and  will  be  extended  to  the  details  of  flow  in  hydraulic  models. 

Dynamically  similar  sj^stems  are  such  that  all  the  forces  in  one 
system  bear  a  constant  ratio  to  their  homologues  in  any  of  the  others, 
and  the  lines  of  action  in  any  two  of  the  systems  form  geometrically 
similar  configurations  in  space.  An  example  familiar  to  engineers 
is  afforded  by  two  similar  stress  diagrams  in  conjunction  with  similar 
space  diagrams. 

Similar  systems  of  masses  are  such  that  all  the  masses  in  one  system 
bear  a  constant  ratio  to  their  homologues  in  any  of  the  others,  and 
the  space  distributions  of  mass  in  any  two  of  the  systems  correspond 
to  geometrical  similarity. 

Newton  established  the  fact  that,  if  two  similar  systems  of  masses 
are  acted  on  by  similar  systems  of  forces  which  are  proportional  to 
the  masses  on  which  they  act,  the  motions  of  the  masses  will  remain 
similar,  homologue  for  homologue,  if  their  motions  were  similar  to 
begin  with. 

There  may  now  be  added  to  these  statements  the  following  practical 
theorem  which  throws  an  entirely  new  light  on  the  theory  of  models, 
generally,  and  proves,  in  particular,  that  when  hydraulic  models  are 
properly  constructed  and  properly  tested,  they  must  reproduce,  even 
in  details,  the  performances  of  their  prototypes : 

•  The  term  "dynamical  similarity"  has  a  somewhat  different  meaning  from  that 
used  by  Buckingham  and  Durand  in  the  important  papers  referred  to  on  page  1172. 
The- writer  intends  to  require  similar  motions  (that  is,  average  motions  which  are 
similar)  as  well  as  similar  systems  of  forces  and  geometrically  similar  solids  with 
similar  distributions  of  mass.  This  implies  that  the  motions  of  homologous  elemen- 
tary masses  describe  paths  which  are  geometrically  similar.  For  this  reason  there  is 
a  bond  between  speed  and  linear  dimensions,  as  in  Equations  (9)  and  (10),  that  can- 
not be  broken. 

Even  if  gravity  is .  neglected,  homologous  centripetal  accelerations  (tangential 
also)  must  be  in  a  certain  ratio,  and  this  connects  velocities  with  linear  dimensions. 
Consequently,  the  scale  ratio  of  a  model  becomes  either  a  wholly  independent  variable 
on  which  velocity  depends  or  a  parameter  of  magnitude  determined  by  some  addi- 
tional condition  of  the  problem,  the  latter  being  generally  the  case,  as  in  the  dis- 
cussion of  viscosity. 

To  increase  the  number  of  independent  variables  in  the  case  of  tests  on  air  pro- 
pellers the  writer  thinks  the  artifice  of  using  air  under  pressures  and  temperatures 
differing  from  the  atmospheric  pressure  and  temperature  might  be  tried,  as  also  the 
artifice  of  changing  the  fluid  altogether. 
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Mr.  When  the  velocities  of  homologous  masses  of  floatage,  water,  siis- 

'  pended  materials,  and  detritus,  flowing  similarly  in  two  geometrically 
similar  channels,  are  proportional  to  the  square  roots  of  homologous 
linear  dimensions,  then,  according  to  kind,  all  the  boundary  and 
internal  force  reactions  of  practical  moment,  in  both  streams,  form 
distinct  pairs  of  similar  systems  of  forces,  any  two  homologues  of 
which  are  in  a  fixed  ratio,  namely,  that  of  corresponding  homologous 
extraneous  forces;  provided  the  conditions  of  flow  are  sufficiently 
removed  from  those  of  pure  stream-line  flow  to  admit  of  the  applica- 
tion of  the  ordinary  theories  of  hydraulic  friction,  wind  reactions, 
and  transportation  of  detritus.  '"i 

Therefore,  when  the  theories  apply,  the  similarity  of  motion  must 
persist  when  once  established. 

When  the  proviso  is  satisfied,  this  theorem  amounts  to  parallel 
integrations  extended  throughout  the  volume  of  the  streams  of  masses 
and  over  their  boundaries,  including  the  free  surfaces  and  terminal 
cross-sections.  It  follows  that,  if  similarity  of  flow  exists  at  the 
two  terminal  sections,  the  conditions  of  flow  in  the  two  channels  will 
be  similar,  and  the  similarity  will  extend  to  details,  the  minuteness 
of  which,  in  practical  operations,  will  depend  on  the  care  and  intelli- 
gence exercised  in  making  use  of  the  theory.  It  will  be  shown  herein- 
after that  the  proviso  becomes  redundant  if  the  size  of  the  model  is 
properly  determined. 

To  prove  the  theorem,  the  following  notation  will  be  adoj)ted : 

Notation. — Homologous  quantities  are  represented  by  Italic  or 
Greek  capitals  and  their  corresponding  minuscules.  Small  letters 
relate  to  the  model,  capitals  to  the  prototype.  A  Roman  capital  indi- 
cates the  ratio  of  the  two  corresponding  magnitudes,  the  numerators 
relating  to  the  model,  as  V  =  v  -^  V.  The  meanings  of  the  characters 
are  defined  as  follows : 

a        =  area,  homologue  A,  for  example; 

8,    ^  =  densities  of  homologous  masses ; 

/         =  force,  primarily  extraneous  forces  acting  on  a  mass; 

(p,   ^  —  force  of  skin  friction ; 

g        =  acceleration  of  gravity  at  surface  of  earth ; 

y,  r' =  homologous  accelerations  when  the  masses  are  at  different 
places,  or  when,  by  artificial  means,  the  extraneous 
forces  are  made  to  differ  from,  or  combine  with,  gravi- 
tational forces; 

I         =  length ; 

m       =mass; 

/i,  M  =  coefficients  of  viscosity  for  the  case  where  different  fluids 
flow  in  model  and  prototype; 
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,v,  jY  =:  kinematical  coefficients  of  viscosity  corresponding  to  above    Mr. 

m    •  f      •  ■  1  cv  Groat, 

eoemcients  oi  viscosity ;  note  that    J'  =  /x.  -4-  o ; 

q        =  volume ; 

r        =  radius  of  curvature  at  point  in  path  of  moving  mass ; 

s         =  specific  weight  of  a  stone,  pebble,  grain,  of  sand ;  also  a 

stress ; 

t         =time; 

i>,   If  ^=  force  of  viscosity  friction; 

V         =  velocity ; 

w       =  weight ; 

00,  D.  =  homologous  specific  weights. 

Mass  Ttatio. — If  two  homologous  masses  in  model  and  prototype  are 
compared,  supposing  that  solids  of  the  same  kind  have  a  uniform 
density  in  the  prototype  and  are  represented  by  homologous  masses 
of  uniform  density  in  the  model,  their  ratio,  of  course,  will  be  the 
same,  whatever  particular  pair  of  honiologues  is  selected.  This  is 
called  the  mass  ratio,  which  is  formally  expressed  by 


Mass  ratio  =  M  =  -—  = =  ^^,  =  D  V (6) 


Force  Ratio. — In  similar  manner,  there  is  a  fixed  ratio  for  homol- 
ogous extraneous  forces,  as  for  gravitational  forces,  and  the  theorem 
above  shows  that  all  other  kinds  of  forces  must  appear  in  model  and 
prototype  in  homologous  pairs  having  this  same  ratio.     Thus : 

(1)  Force  ratio  =  f  =  ^    =   ^r^  =  M  Q  =  D  L*  Q (7) 

When  Q  =  1,  it  is  plain  that  M  =  F,  in  Equation  (6),  which  is  the 
case  when  the  tests  are  conducted  at  the  same  place  on  the  earth's 
surface. 

(2)  Centrifugal  Reactions. — All  classes  of  forces  must  be  related,  so 
that  the  ratio  of  any  two  homologues  will  be  equal  to  the  force  ratio. 
Equation  (7).  Thus,  homologous  centrifugal  reactions  will  be  in  this 
ratio  when  the  velocity  ratio  is  determined  by. 


^^ (8) 
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Mr.  whore  r  and  B  represent  homologous  radii  of 'curvature  for  similar 
masses.  As  r:R  =  I:  L,  for  similar  paths  we  must  have,  from 
Equations  (7)  and  (8)  : 


MQ 


M  V 


.:^i 


y --oo 


G  = 


L 


The  interpretation  of  this  last  equation  is  that,  when  model  and 
prototype  are  tested  under  different  intensities  of  extraneous  forces, 
homologous  centripetal  accelerations  must  be  proportional  to  homol- 
ogous gravitational  accelerations,  in  order  to  preserve  proper  force 
relations. 

If  both  model  and  prototype  are  tested  under  equal  intensities 
of  extraneous  forces,  as  at  the  earth's  surface,  we  have 


r  =  r^g-] 


r 


G=l  1 


1- (10) 


which  proves  that  homologous  centripetal   accelerations   are  equal   in 
such  cases ;  that  is  v^  -i-  r  ^=  V^  -^  R. 

(3)  Proportionality  of  Heads  and  Depths. — It  is  tacitly  assumed 
in  the  theorem  that  homologous  heads  and  depths  are  in  the  same 
proportion  as  homologous  linear  dimensions  of  the  rigid  portions  of 
the  model;  that  is,  the  volumes  occupied  by  the  water,  or  fluids,  in 
model  and  prototype,  are  geometrically  similar.  It  is  necessary,  there- 
fore, to  show  that  this  assumption  is  not  inconsistent  with  the  require- 
ments of  hydraulic  similarity ;  particularly  that  the  hydraulic  pressures 
and  reactions  on  homologous  portions  of  the  boundary,  or  wet  surface, 
meet  the  requirements  of  the  force  ratio.  Equation  (7).  The  ratio  of 
any  two  homologous  static  pressures  is 

—  f 
"^^'  ^      ^         =QDL^  =  F (11) 


an L^      r  n  ^. 
r 

by  applying  Equation  (7). 

Therefore,  under  the  conditions  imposed  by  Equation  (9),  the 
assumption  of  proportional  homologous  heads  is  consistent,  whatever 
the  size  of  the  model. 

(4)  Shin  Frictions. — If  the  surface  of  the  model  is  geometrically 
similar  to  its  prototype,  the  coefficients  of  skin  friction  for  model  and 
prototype    are    equal.      Then    the    ordinary    theory    requires    that    the 
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resisting  -frictional  forces  along  any  two  homologous  surfaces  are  Mr. 
proportional  to  their  areas  and  to  the  squares  of  the  respective  velocities 
along  the  surfaces,  and  therefore  to  the  homologous  areas  and  squares 
of  any  two  homologous  velocities.  If  the  fluids  in  model  and  proto- 
type are  different,  these  frictions  are  altered  in  the  direct  ratio  of 
densities.     Therefore,  the  ratio  of  homologues  is 

■^  =   ^  T>  T''2  =  D  L'V  =  D  L-''  G  =  F (12) 

by  Equation  (7).  ^  .^^    -j_ 

Therefore,  under  the  conditions  imposed  by  Equation  (9),  homol- 
ogous frictions  satisfy  the  requirement  of  the  force  ratio,  whatever 
the  size  of  the  model. 

(5)  and  (7)  ^Vind  Friction. — All  fluid  friction  follows  laws  sub- 
stantially the  same  as  for  M^ater.  Then  the  same  reasoning  as  used  for 
skin  friction  can  be  applied  to  the  case  of  homologous  cakes  of  ice  acted 
on  by  wind,  and  to  the  motion  of  the  ice  through  the  water  by  reason 
of  that  action.  If  the  cakes  of  ice  rise  sufficiently  above  the  surface 
of  the  water  to  offer  obstruction  to  the  wind,  the  resulting  pressures 
are  subject  to  laws  similar  to  those  yet  to  be  discussed  in  connection 
with  the  pressures  of  water  on  stones  and  other  detritus  when  lying 
on  the  river  bed,  where  it  is  shown  that  such  pressures  satisfy  the 
force  ratio.  Therefore,  it  may  be  accepted  that  wind  reactions  go 
with  skin  friction;  one  being  shown  to  satisfy  the  requirement  of 
hydraulic  similarity,  the  other  does  also.  Of  course,  it  will  be  under- 
stood that  wind  velocities  for  the  model  are  determined  in  the  same 
tnanner  as  fluid  velocities  of  any  kind,  that  is,  they  are  to  be  propor- 
tional to  the  square  roots  of  homologous  linear  dimensions,  when  model 
and  prototype  are  tested  with  one  liquid  at  the  same  place.  Just  how 
to  create  a  breeze  for  a  model  is  a  practical  question  which  may  be  sim- 
plified by  testing  the  model  in  the  open  air  when  the  breeze  is  of  the 
correct  intensity.  Thus,  a  5-mile  breeze  would  be  equivalent  to  a 
50-mile  gale  when  the  scale  of  the  model  is  1 :  100. 

(6)  Movement  and  Transportation  of  Detritus. — This  is  one  more 
action  which  must  be  heeded  in  constructing  and  testing  a  nrodel  of 
a  channel  which  conducts  water  loaded  with  detritus.  The  density 
of  any  such  materials  is  greater  than  that  of  water.  Therefore, 
detritus  diversion  is  the  antithesis  of  ice  diversion.  Ice  is  floatage; 
detritus  is  "sinkage,"  to  coin  a  new  word  (with  apologies  to  Mr. 
Leigh  ton). 

The  writer's  experiments  on  models  have  included  observations  of 
the  effects  produced  by  currents  in  moving  gravel  and  stones  on  the 
stream  bed.  To  reproduce  the  effects  in  miniature,  the  river  gravel 
must  be  sorted  by  screening  so  as  to  obtain  the  correct  percentages 
of  the  different  sizes.     The  gravel  for  the  model  is  then  screened  and 
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Mr.  mixed  to  correspond.  The  mean  diameter  of  a  model  pebble,  for 
Groat,  example,  must  bear  the  same  ratio  to  the  mean  diameter  of  the  homo- 
logue  in  the  actual  stream  that  the  linear  dimensions  of  the  model 
bear  to  the  corresponding  dimensions  of  the  stream.  If  the  model 
is  not  too  small,  imitation  of  performance  under  conditions  of  hydraulic 
similarity  in  the  model  will  be  surprising. 

The  average  size  of  stones  for  a  till  in  swift  water  was  determined 
by  using  a  model,  the  experiments  showing  that  the  fill  could  be  con- 
structed across  the  stream  up  to  a  certain  elevation  which  was  the 
higher  for  the  larger  of  any  two  sizes,  and  that  the  fill  could  be 
brought  entirely  above  the  water  surface  for  sizes  greater  than  a 
certain  limiting  size.  Stones  of  the  limiting  size,  and  larger,  now 
lie  quiescent  on  the  bed  of  the  actual  river  at  the  place  represented 
by  the  model.     The  model,  too,  was  of  a  very  small  scale,  only  1 :  100. 

That  such  should  be  the  facts  may  be  proved  theoretically.  Mer- 
riman  shows,*  by  simple  assumptions,  that  the  transporting  capacity 
of  a  stream,  measured  by  the  weight  of  the  heaviest  stones  which  the 
current  of  water  will  move,  is  proportional  to  the  sixth  power  of  the 
impinging  velocity.  This  proposition  is  accepted,  with  the  qualifica- 
tion that  it  applies  to  geometrically  similar  shapes  for  stones  of  given 
material,  of  given  density,  and  of  consistent  condition  of  surface. 
It  is  very  evident  that  it  could  not  apply,  for  example,  to  two  stones 
one  of  which  was  spherical  and  the  other  cubical,  or  to  two  similar 
spalls  of  the  same  size  and  shape,  one  being  clean  and  the  other  coated 
with  slimy  moss. 

Merriman's  assumptions  imply  that  the  force  of  a  fluid  impinging 
on  an  obstruction  is  jointly  proportional  to  the  obstructing  area  and 
the  square  of  the  impinging  velocity.'  The  writer  extends  the  assump- 
tion by  including  the  density  of  the  fluid.  When  different  fluids  are 
flowing  in  model  and  prototype,  and  the  latter  are  subject  to  different 
intensities  of  extraneous  forces,  the  ratio  of  the  transporting  powers 
of  the  two  streams,  measured  by  the  weight  of  the  stones  they  will 
move,  is 

4l^-=— QL*  =  D,QL^ (13) 

where  D,  is  the  ratio  of  the  densities  of  geometrically  similar  stones 
similarly  situated  in  model  and  prototype.  It  is  apparent,  therefore, 
by  Equation  (7),  that  hydraulic  and  dynamic  similarity  can  exist 
only  when 

D,  =  D, 

that  is,  only  when  the  densities  of  homologous  stones  are  proportional 
to  the  densities  of  the  fluids  in  model  and  prototype,  homologue  to 

•  "Treatise  on  Hydraulics"    (1908),  Art.   127,   p.   323. 
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homologue.  "When  the  fluids  are  the  same,  D  =  1,  and  homologous 
stones  must  be  of  the  same  density.  The  weights  of.  the  stones  in 
Equation  (13)  form  two  similar  systems  of  forces  acting  on  homol- 
ogous masses  when  D,  =  D. 

It  still  remains  to  be  shown  that  the  system  of  dislodgment  forces 
also  satisfies  the  force  ratio,  Equation  (7),  when  the  dynamic  require- 
ments of  Equation  (9)  are  imposed. 

The  assumptions  require  a  dislodgment  force  ratio  of 


Mr. 
Groat. 


D  A  V^  =  D  L^  V-  =  D  L^ 


R 


D  L^  Q 


(15) 


A' 


Fig.   11. 


which   shows   that  such   forces   are   in  harmony   with   hydraulic   simi- 
larity by  Equations  (7)  and  (9). 

Therefore,  the  ratio  of  the  mean  diameter  of  detritus  transported 
by  the  model  to  that  of  detritus  transported  by  the  prototype  is  the 
same  as  the  scale  ratio,  if  Merriman's  assumptions  are  correct.  That 
is  to  say,  if  the  model  detritus  is  properly  selected,  sorted,  propor- 
tioned, and  introduced  into  the  model 
under  conditions  of  hydraulic  and  geo- 
metric similarity,  the  transporting  phe- 
jii)iiiena  of  the  stream  should  be  repro- 
duced in  the  model,  a  fact  which  is  almost 
axiomatic,  but,  along  with  the  theory  of 
models,  seems  not  to  have  had  suificient, 
if  any,  recognition. 

It  should  be  carefully  noted  that  ho- 
mologous pebbles  in  model  and  prototype 
must  be  similarly  situated  on  the  beds  of  their  respective  channels. 

Viscosity. — This  property  of  fluids  requires  special  attention  in  its 
relation  to  hydraulic  models  because  its  effects  are  not  independent 
of  the  size  of  the  model,  as  has  been  the  case  with  all  the  other  phei- 
noniena  thus  far  discussed.  Nevertheless,  it  is  a  subject  which  can 
be  handled  satisfactorily  if  theoretical  relations  are  regarded. 

As  calculations  involving  viscosity  are  relatively  infrequent,  it 
.will  be  well  to  refresh  the  memory  as  to  these  matters.  Fig.  11  repre- 
sents a  small  imaginary  cube  immersed  in  a  liquid  flowing  in  the 
direction  of  the  arrow,  the  velocity  of  the  fluid  being  graded  uni- 
iormly  in  the  increasing  sense  from  the  face,  CD,  to  the  face,  AB. 
The  value  of  the  velocity  along  CD  is  v;  along  AB  it  is  v  -|-  dv.  If, 
then,  the  cube  is  imagined  to  move  with  the  water  so  as  to  enclose 
constantly  all  the  particles  contained  at  the  outset,  a  shearing  dis- 
tortion takes  place,  and  the  cube,  or  prism,  becomes  a  parallelepiped, 
of  cross-section  A'  B'  CD. 
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Mr.  If  the  face,  AB,  has  the  area,  a,  and  the  edge,  AC  =  BB,  is  of 

'  length,  dx,  then  experiment  indicates  that 

dv 
t  =  n  a  — 
dx' 

where  ij/  is  the  viscosity  friction,  or  force,  on  the  area,  a,  necessary 
to  produce  the  distortion,  and  fi  is  the  coefficient  of  viscosity.  Observe 
that  this  viscosity  friction  on  the  face,  a,  is  proportional  to  the  trans- 
verse velocity  gradient,  dv  -f-  dx.  Observe,  also,  that  the  dimensions 
of  dv  -f-  dx  are  the  same  as  those  oi  v  -^  I.  Therefore,  the  viscous 
reaction  taking  place  between  the  contiguous  masses  of  fluid  subjected 
to  shearing  distortion  has  the  dimensional  form, 

V              V 
rp  =  M  a   -^   =  M   J  V  =  M  Iv (16) 

Consequently,  the  force  ratio  for  viscosity  reactions  is 

tp  11  I  V 

-^  =     '  ^   ,,  =  M'  L  V (17) 

where  M'  =  //  -;-  M. 

This  is  the  first  ratio  examined,  with  the  exception  of  Equation  (8), 
which  did  not  satisfy  the  force  ratio.  Equation  (7),  without  modifica- 
tion of  the  assumptions.  In  Equation  (8)  it  was  necessary  to  regulate 
the  velocity,  as  indicated  by  Equation  (9),  before  similarity  could  be 
established.  In  Equation  (17)  it  is  necessary  to  determine  the  scale 
ratio,  L,  of  the  model.     Thus,  equatiuij  Equations  (7)  and  (17), 

D  L^  Q  =  M'  L  V (18) 

or  L^  Q  =  N  V 

and  L^  =  N  Q  ~  ^ (19) 

by  applying  Equation  (9). 

This  shows  that  cases  of  pure  stream-line  flow  cannot  be  repro- 
duced in  models  unless  the  sizes  of  the  models  are  properly  determined 
by  Equation  (19). 

When  such  models  and  their  prototypes  are  tested  under  the 
influence  of  extraneous  forces  of  equal  intensity,  0  =  1.  When  the 
fluid  is  the  same  in  model  and  prototype,  N  =  1.  It  follows  that, 
in  such  cases,  L  =  1,  by  Equation  (19).  Therefore,  models  will  not 
reproduce  similar  conditions  of  flow  when  it  is  attempted  to  test 
them  and  their  prototypes  for  stream-line  configurations  of  water  (any 
one  fluid)  at  the  same  place  on  the  earth's  surface. 

If,  instead  of  eliminating  V,  as  in  obtaining  Equation  (19),  G 
is  eliminated  by  Equation  (9),  there  results, 

L  V:=N 


V   I 


(20) 
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This  appears  to  harmonize  perfectly  with  Reynold's  discovery  for     Mr. 

Groat. 
V   a 
geometrically  similar   tubes,   which    states   that   — —  =  constant,  where 

v^  is  Reynold's  critical  velocity  and  d  is  the  diameter  of  the  tube, 
V  being  the  kinematical  coefficient  of  viscosity.  It  also  appears 
to  correspond  very  beautifully  with  Stanton  and  Pannell's  plotting  of 
the  actual  observations  of  the  flow  of  water,  air,  and  oil  in  pipes,  the 
points  all  falling  on  one  curve,  iri-espective  of  the  fluid. 

In  the  application  of  the  theory  to  a  model  and  prototype  conveying 
the  same  fluid,  it  would  appear,  on  superficial  examination,  that 
Equation  (20)  indicates  similarity  if  the  model  is  of  any  size,  the 
velocity  being  regulated  so  as  to  be  inversely  proportional  to  the  linear 
dimensions.  This,  however,  is  not  the  case,  because  the  velocity  is 
a  function  of  the  linear  dimensions,  by  Equations  (18)  and  (19), 
and  not  an  independent  variable  in  Equation  (20),  being,  in  reality, 
connected  to  the  linear  dimensions  by  Equation  (9). 

Thus  we  should  not  eliminate  Q  from  Equation  (18),  but  V,  or  L, 
instead,  because  G,  as  a  general  thing,  is  equal  to  unity.  If  not, 
it  should  still  be  considered  as  fixed,  as  the  model  and  prototype  will 
be  tested  under  fixed  conditions  of  extraneous  forces,  which  fact  deter- 
mines the  value  of  Q,  and  thus  the  relation  between  v  and  I,  that  is, 
the  relation  of  V  to  L. 

Equation  (19)*  determines  the  scale  ratio  of  the  model,  and,  thereby, 
the  concomitant  velocity  when  the  places  of  observation  and  the 
particular  fluids  used  are  given.  This  equation  shows  that,  theoreti- 
cally, the  same  fluid  may  be  used  in  both  model  and  prototype,  provided 
we  are  allowed  to  test  under  different  intensities  of  extraneous  forces. 
With  G  ^  1,  Equation  (19)  shows  that  the  model  requires  a  different 
fluid  from  that  for  the  prototype  when  both  observations  are  made 
at  the  same  place. 

In  case  of  different  fluids,  with  Q  =  1,  V  determined  by  Equation 
(9),  and  L  determined  by  Equation  (19),  the  extraneous  forces,  internal 
reactions,  static  and  dynamic  pressures,  skin  frictions,  wind  effects, 
resistances  due  to  obstructions  and  transportation  of  detritus,  trans- 
portivity  and  resistances  due  to  floatage,  and  viscosity  resistances  form 
two  dynamically  and  geometrically  similar  systems  in  which  all  pairs 
of  homologous  losses,  including  the  total  losses,  are  jointly  propor- 
tional to  densities,  areas,  and  squares  of  homologous  velocities.  This 
does  not  mean  that  hydraulic  gradients  in  the  model  or  prototype  are 
proportional  to  the  squares  of  velocities,  for  they  may  be  of  any 
magnitude.     For   example,   in   pure  stream-line   flow   the  gradient   is 

*  As  examples  of  the  uses  of  Equation  (19),  when  O  =  1  it  may  be  shown  :  (a) 
that  a  model  air  propeller  in  mercury  at  20°  cent,  should  be  one-twenty-fifth  full  size 
for  the  prototype  in  air  at  15°  cent.  ;  (b)  that  the  scale  ratio  of  a  model  water-wheel 
tested  in  mercury  at  20°  cent.,  should  be  about  0.22  for  the  prototype  in  water  at 
15°  cent.  If  the  mercury  can  be  at  100°  cent.,  the  scale  ratio  would  be  about  one- 
seventh.  The  effect  of  changing  the  density  of  air  for  a  model  has  not  yet  been 
investigated. 
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Mr.     proportional    to    v.      The   theorem    simply    shows    that    whatever    the 

^^^^^-  slope  in  the  prototype,  the  homologue  in  the  model  will  be  the  same 

if  the  size  of  the  model  is  properly  chosen.  -! 

What  we  have  done  is  to  show  that  the  conditions  of  geometric 
and  dynamical  similarity  can  be  imposed  simultaneously  in  a  hydraulic 
model  so  that  it  will  reproduce  the  prototype  both  in  form  and  action, 
and  that  this  possibility  is  in  full  accord  with  the  generally  accepted 
laws  of  turbulent  stream  flow,  including  viscosity  resistances. 

(8)  and  (9)  Observations  and  Measurements. — If  the  duration  of 
time  observations  on  the  prototype  is  always  reduced  in  proportion  to  the 
square  root  of  the  scale  ratio*  (linear  dimensions),  then  all  velocities 
and  quantities  of  discharge  when  measured  to  the  reduced 
scale  will  be  equal  to  the  corresponding  quantities  measured  to  full-scale 
units  in  the  prototype.  The  analogy  may  be  made  perfect  by  gradu- 
ating a  watch  dial  to  time  units  reduced  in  the  proportion  of  the 
square  root  of  the  scale  ratio,*  and  providing  measuring  instruments, 
graduated  to  scale,  for  lengths,  volumes,  weights,  etc.  When  this  is 
done,  all  measurements  taken  on  the  model  will  be  numerically  equal 
to  the  homologues  observed  in  the  prototype  with  full-size  measuring 
instruments  and  an  ordinary  timepiece.  Such  a  procedure  will  elimi- 
nate many  calculations,  for  example,  calculating  the  discharge  by  the 
formula,  Q  =  Hi-  The  actual  time  required  for  a  sand-bar  to  form 
in  a  model  built  to  a  scale  of  1 :  100,  for  example,  will  be  only  2  days, 
when  the  corresponding  bar  in  the  river  forms  in  20  days.  The  time 
indicated  on  the  specially  graduated  watch,  however,  will  be  20 
Ecale-days. 

(10)  Factors  of  Safety  in  Models. — In  making  models  of  structures 
to  test  to  destruction,  it  is  a  mistake  to  use  the  same  materials  as  in 
constructing  the  prototype.  If  the  test  is  simply  to  determine  relative 
stresses  in  the  various  members,  it  is  unimportant  what  materials  are 
used,  if  care  is  taken  to  see  that  elastic  properties  are  correctly 
proportioned.  If  the  model  is  for  mere  appearance,  little  or  no  heed 
need  be  given  the  internal  qualities. 

To  examine  the  matter  of  stress  in  homologous  members  we  use 
the  method  of  dimensions,  as  heretofore.    The  dimensions  of  stress  are, 

s-L-  ^_   0,1 

a  ~    I- 

S  (M     T 

or  stress  ratio  =  S  =  —  =  -— -  L 

S  il 

If  the  safe  stresses  of  the  materials  of  model  and  prototype  are 
indicated  by  the  subscript  m,  then  the  correct  scale  ratio  of  the  model 
to  develop  equal  factors  of  safety  is  determined  by 

•  When  the  intensities  of  extraneous  forces  differ  between  model  and  prototype, 
the  correct  time  ratio  is  T  =  >..  L  -!-  Q. 
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If,  for  any  good  reason,  it  is  desired  to  build  the  model  of  the     Mr. 
same  materials  as  used  in  the  prototype  and  still  develop  equal  factors,     ^"^  ' 
this    condition    can   be   taken   care   of   by   increasing    artificially   the 
specific   weight  of  the  material   of  the  model   until   the  two   specific 
weights  are  inversely  proportional  to  the  desired  scale  ratio,  that  is, 
s,^  =  S^^j  and  L  =  ft  ^  go. 

This  increase  of  the  intensities  of  extraneous  forces  is  most  neatly 
accomplished  by  rotating  the  model  as  a  whole  about  a  vertical  axis 
at  considerable  distance.  The  model  must  be  placed,  relative  to  the 
axis  of  rotation,  so  that  the  resultants  of  the  action  of  gravity  and 
the  centrifugal  reactions  will  be  of  the  correct  amounts  and  in  the 
right  direction  relative  to  the  model.  Of  course,  the  individual  model 
structural  members  can  be  properly  loaded  to  give  the  same  results. 
The  use  of  projierly  chosen  materials  for  the  model  would  seem  to  be 
the  most  scientific  method. 

The  principal  difiiculty  connected  with  the  construction  of  a  model 
with  the  same  materials  as  used  in  prototype  is  that  of  securing  model 
shapes  of  the  same  elastic  properties  as  those  of  their  homologues.  A 
piano  wire  may  have  a  strength  of  several  hundred  thousand  pounds 
per  square  inch,  whereas  one  would  expect  nothing  of  the  sort  in 
rounds  of  2  or  3  in.  diameter. 

Professor  Fletcher  states  that  "the  inexorable  laws  of  mechanics 
forbid  any  such  sweeping  general  conclusions."  The  writer's  idea 
of  mechanical  laws  is  that  they  were  devised  expressly  for  the  purpose 
of  making  such  conclusions,  and  that  they  are  themselves  the  most 
sweeping  of  all  general  conclusions. 

Although  model  structures  do  not  appear  important  as  illuminating 
the  question  of  hydraulic  models,  it  is  certain  that  model  structures 
can  be  built  and  tested  to  show  comparative  results.  It  will  be  a 
service  to  negate  to  some  extent  any  sweeping  negative  conclusion 
concerning  their  value. 

It  is  perfectly  proper  to  warn  against  all  pitfalls  connected  with 
models.  The  real  caution,  however,  is  not  against  the  use  of  models, 
but  against  their  misuse. 

Had  the  model  water  tank  been  constructed  of  appropriate  mate- 
rials, or,  if  necessary  to  test  it  when  built  of  the  materials  used  in 
constructing  the  prototype,  had  it  been  tested  vmder  proper  conditions 
of  loading,  or  of  rotation,  it  would  have  developed  the  necessary 
stresses,  and  they  would  have  been  properly  distributed  among  its 
members. 

The  elevated  railway  was  not  tested  under  conditions  of  mechanical 
similarity,  as  the  speed  of  the  engine  was  reduced  by  the  direct  scale 
ratio,  instead  of  by  its  square  root.  If  the  radius  of  the  full-size  curve, 
was  50  ft.,  as  stated  by  Mr.  Tratman,  and  the  radius  of  the  corre- 
sponding curve  in  the  model  61  ft.,  as  stated  by  Professor  Fletcher,  cor- 
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Mr.  responding  to  a  scale  ratio  of  1:8,  then  the  proper  speed  ratio  would 
^'■°^**  be  1 : VST  or  1 :  2.83.  Taking  the  velocity  of  66  ft.  per  see.  for  the  full- 
size  engine,  as  given  by  Professor  Fletcher,  the  correct  speed  for  the 
model  should  have  been  66  -f-  2.83  =  23.3  ft.  per  sec,  approximately. 
Had  this  speed  been  maintained  at  23.3  ft.  per  sec.  on  a  model 
structure  properly  built  to  scale,  and  on  curves  of  any  radius,  homol- 
ogous centrifugal  reactions  would  be  in  proper  proportion  (the  force 
ratio  would  be  that  of  the  weights  of  the  two  engines)  and  every  mem- 
ber of  the  structure  would  receive  its  proper  proportion  of  dead  and 
live  loads.  Moreover,  if  the  strengths  of  the  materials  were  properly 
proportioned,  the  factors  of  safety  in  model  and  prototype  would  have 
been  equal.  It  is  not  doubted  that  it  would  be  something  of  an  under- 
taking to  construct  and  test  such  a  model,  but  the  fact  which  we  have 
proved  is  that  it  can  be  done. 

The  writer  is  glad  to  note  tliat  Professor  Fletcher  finds  the  law  of 
similarity  satisfactory  for  the  case  of  static  pressures  on  a  model  dam. 
In  the  case  of  a  dam  and  a  geometrically  similar  model  of  one-ninth 
linear  dimensions,  the  model  operating  under  one-ninth  the  head  on 
the  prototype,  the  luw  of  similar  statics  is  proved  by  writing, 

static  force  ratio  =  —  X  H'  X  H  =  —  H^  =  9^1 

£1  n  Jgo  =  n 

H 

"  =  T 

Then,  for  dynamic  conditions,  the  corresponding  relative  discharges 
of   the    two   similar   dams   would    be    H^,    and    the    power   ratio,   evi- 

7 

dently,  H?.  To  obtain  the  relative  dynamic  forces  acting  on  any  two 
homologous  areas  of  overfall,  it  is  simply  necessary  to  divide  the 
power  ratio  by  the  velocity  ratio,  that  is,  by  the  subduplieate  ratio  of 
heads.    Hence,  the  corresponding  force  ratio  is, 

dynamic  force  ratio  =  H?  -;-  H2=  H^  =  9^, 

which  is  just  the  same  as  that  deduced  for  static  conditions. 

Therefore,  homologous  hydrodynamic  forces  and  homologous  hydro- 
static forces  are  in  the  same  ratio  all  over  the  entire  wet  areas  of  any 
two  similar  dams.  Moreover,  if  the  two  similar  dams  are  built  of  ma- 
terials having  the  same  density,  then  their  weights,  indeed  their 
volumes,  are  also  in  this  same  ratio;  namely,  the  force  ratio  of  the 
homology.  The  dynamics  of  similar  dams  are  consistent  with  the 
statics.  It  is  entirely  incorrect  to  refer  the  fall  of  water  to  the  center 
of  gravity  of  the  overfall.     This  notion  must  be  eradicated. 

The  writer  thinks  he  has  answered  all  objections  in  the  discussion 
on  detritus,  and  hopes  Mr.  Leighton  will  become  sufficiently  interested 
in- models  to  have  one  actually  tried  out  under  conditions  of  hydraulic 
similarity. 
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To  THE  American  Society  of  Civil  Engineers: 

The  Special  Committee  to  Report  on  Stresses  in  Railroad  Track 
herewith  presents  a  progress  report. 

I. — Introduction. 

1. — Preliminary. — The  Committee  was  formed  by  action  of  the 
Board  of  Direction  on  November  12th,  1913.  A  similar  committee, 
the  Special  Committee  on  Stresses  in  Track,  was  created  by  the  Board 
of  Direction  of  the  American  Railway  Engineering  Association  on 
November  20th,  1913.  In  each  case,  authority  was  given  to  co-operate 
with  the  Committee  of  the  other  Society.  The  Committee  of  the 
American  Railway  Engineering  Association  consists  of  the  members 
of  the  Special  Committee  of  the  American  Society  of  Civil  Engineers, 
sixteen  in  all,  and  five  other  members  of  the  American  Railway  Engi- 
neering Association  who  do  not  hold  membership  in  the  American 
Society  of  Civil  Engineers.  The  Committees  of  the  American 
Society  of  Civil  Engineers  and  of  the  American  Railway  Engineering 
Association,  under  the  authorization  given,  have  in  effect  carried  on 
their  work  as  a  single  committee.  This  report  is  presented  simultane- 
ously to  the  two  Societies. 

The  Board  of  Direction  of  the  American  Society  of  Civil  Engineers 
made  an  assignment  of  funds  for  the  work  of  the  Committee  on  March 
4th,  1914,  and  a  contribution  toward  the  expenses  of  the  tests  was 
received  by  the  American  Railway  Engineering  Association  a  few  days 
later.  Funds  having  been  provided  to  make  a  beginning,  the  initial 
meeting  of  the  Committee  was  held  in  Chicago  on  March  18th,  1914, 
when  the  field  of  the  w'ork  and  the  manner  of  undertaking  it  were  dis- 
cussed. At  a  meeting  in  Baltimore  on  June  3d,  1914,  the  report  of  a 
Sub-committee  on  Organization  and  Scope  of  Work  was  adopted.  Mr. 
W.  M.  Dawley  was  made  Vice- Chairman  of  the  co-operating  com- 
mittees, and  Mr.  E.  H.  Fritch,  Secretary  of  the  American  Railway 
Engineering  Association,  wai?  elected  Secretary.  Preliminary  field 
work  was  begun  in  the  summor  of  1914,  and  apparatus  and  methods 
of  testing  were  developed  as  iast  as  experience  could  be  gained.  The 
work  in  field,  laboratory,  and  office  has  since  been  carried  on  as  actively 
as  the  conditions  would  warrant.  Progress  reports  of  the  experimental 
work  have  been  made  to  the  Committee  from  time  to  time,  and  the 
results  of  the  tests  have  been  discussed  at  committee  meetings  and  by 
correspondence.  A  great  deal  of  time  has  been  consumed  in  working 
up  the  results  and  in  putting  the  dtita  in  form  for  presentation. 

From  the  beginning  the  Committee  has  realized  that  the  problem 
assigned  to  it  is  very  complicated,  involving  many  difficulties  and 
uncertainties.     It  has  felt  that  an  .'idequate  report  on  stresses  in  rail- 


STRESSES   IN   RAILROAD   TRACK  1195 

road  track  must  be  based  on  experimental  data  derived  from  extensive 
tests  on  standard  railroad  track.  It  lias  also  realized  that,  because 
of  the  complexity  of  the  action  of  track  under  load  and  the  variability 
of  the  conditions  which  may  be  found  in  track  and  load,  adequate 
experimental  work  would  involve  long,  painstaking,  and  repeated  tests 
under  many  conditions,  and  also  that  considerable  time  would  be 
required  for  reducing  the  data  thus  obtained  and  interpreting  the 
results.  It  believed  that  results  of  value  could  be  obtained  only  after 
prolonged  work  on  the  problem.  Experience  has  shown  that  the  antici- 
pated difficulties  were  not  over-estimated.  It  was  found  necessary 
to  expend  considerable  effort  and  time  on  the  development  of  instru- 
ments for  use  in  the  tests  and  on  methods  for  conducting  tests.  The 
problem  was  studied,  and  the  methods  were  developed  in  the  light  of 
the  information  gained  during  the  work.  The  experimental  work 
undertaken  thus  far  has  included  the  measurement  of  track  depressions, 
ballast  and  roadway  pressure,  and  fiber  stress  in  rail,  for  both  static 
and  moving  loads,  and  laboratory  tests  on  the  distribution  of  pressure 
through  ballast. 

It  is  noteworthy  that,  notwithstanding  the  importance  of  track, 
relatively  few  experimental  data  on  the  general  action  of  the  track 
structure  are  on  record  and  available  as  a  guide  to  the  Committee 
in  its  efforts,  or  for  use  in  making  comparisons  with  its  results.  The 
theoretical  or  analytical  treatments  which  have  been  published,  prin- 
cipally by  Euroi^eau  engineers,  have  most  frequently  been  largely 
mathematical  in  character  and  without  experimental  verification  or 
connection,  and  sometimes  the  assumptions  on  which  the  theory  was 
based  have  been  in  error.  Nevertheless,  a  number  of  engineers  have 
made  valuable  tests  on  the  action  of  track,  notably  Dr.  P.  H.  Dudley 
in  the  United  States,  Cuenot  in  France,  and  Zimmerman  and  Ast 
in  Germany  and  Austria,  and  these  and  others  have  contributed  impor- 
tant discussions  on  several  parts  of  the  problem.  It  is  planned  to 
give  a  bibliography  of  the  literature  of  the  action  of  track  as  a  struc- 
ture under  load  in  a  later  report.*  It  is  apparent,  then,  that  railroad 
track  has  not  been  developed  in  the  manner  followed  in  the  develop- 
ment and  expansion  of  most  engineering  structures  and  structural 
parts,  where  the  scientific  study  of  forces  and  stresses  and  the  use  of 
analysis  and  experiment  have  contributed  in  a  marked  way  to  improve- 
ments and  growth.  Instead,  the  present  standards  of  track  have  been 
evolved  from  previous  practice  through  a  process  involving  extension 
and  trial,  and  judgment  and  experience.  That  track  has  attained  its 
present  state  of  excellence  is  a  tribute  to  the  sense,  insight,  and  judg- 
ment of  the  many  men  who  have  contributed  to  its  growth  and  devel- 

*  A  comprehensive  list  of  the  principal  articles  on  this  and  related  subjects  up  to 
1909,  presented  by  Dr.  P.  H.  Dudley,  may  be  found  in  Proceedings,  Am.  Ry.  Eng.  Assoc, 
Vol.  14  (1913),  p.  570. 
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opment.  It  is  not  surprising,  then,  that  the  Committee  found  it  neces- 
sary to  devote  considerable  effort  to  studying  the  fundamental  prin- 
ciples of  the  mechanics  of  track  action,  this  being  done  principally 
through  experimental  work  on  track  which  may  be  described  as 
ordinary  track  in  good  condition. 

In  the  report,  the  action  of  track  as  an  elastic  structure  is  first 
taken  up.  The  part  on  conduct  of  tests,  which  is  next  in  order,  includes 
a  description  of  the  apparatus  and  the  method  of  conducting  the  tests, 
a  statement  of  the  preparation  of  test  track  and  procedure  of  tests, 
and  a  discussion  of  reduction  of  data  and  accuracy  of  instruments. 
The  results  of  tests  are  then  presented,  and  various  topics  related 
to  the  action  of  track  are  discussed.  The  information  obtained  on 
the  action  of  the  tie  and  on  the  transmission  of  pressure  through 
ballast  and  roadway  will  be  given  in  a  succeeding  report. 

The  Committee  is  continuing  work  on  the  subject  assigned  to  it. 

2. — Aclcnowledgment. — The  work  of  the  Committee  has  been  made 
possible  through  the  contribution  of  funds  by  a  number  of  corporations, 
which  have  in  this  way  expressed  appreciation  of  the  importance  of 
the  work  and  the  need  for  information.  Acknowledgment  is  made 
to  the  United  States  Steel  Corporation,  the  Bethlehem  Steel  Company, 
the  Lackawanna  Steel  Company,  and  the  Cambria  Steel  Company  for 
their  financial  assistance.  The  American  Society  of  Civil  Engineers 
has  also  given  support  from  its  treasury. 

Railroad  companies  have  co-operated  by  furnishing  facilities  for 
the  test  work,  and  thus  have  contributed  largely  to  the  success  of  the 
undertaking.  The  Illinois  Central  Railroad,  A.  S.  Baldwin,  M.  Am. 
Soc.  C.  E.,  Chief  Engineer,  gave  the  use  of  its  tracks  and  of  its  loco- 
motives and  crews  for  the  extensive  set  of  tests  made  north  of  Cham- 
paign, 111.,  and  credit  is  due  this  company  for  participating  so  largely 
in  the  provision  for  the  tests.  The  Delaware,  Lackawanna  and  Western 
Railroad,  George  J.  Ray,  M.  Am.  Soc.  C.  E.,  Chief  Engineer,  gave  the 
use  of  tracks,  locomotives,  and  crews  for  the  series  of  tests  conducted 
near  Dover,  N.  J.  The  Michigan  Central  Railroad  provided  the 
100-lb.  rails  for  the  test  track  north  of  Champaign,  and  the  Pennsylvania 
Railroad  supplied  the  125-lb.  rails  used. 

Valuable  assistance  has  been  rendered  by  the  University  of  Illinois. 
By  a  special  arrangement,  the  Engineering  Experiment  Station  has 
co-operated  by  giving  the  use  of  laboratory,  shop,  and  office  facilities, 
and  through  the  service  of  its  staff.  Mr.  H.  F.  Moore,  Professor  of 
Engineering  Materials,  has  devoted  considerable  time  and  energy  to 
the  design  and  development  of  instruments  used  in  the  tests,  and  to 
the  methods  of  testing.  His  special  qualifications  for  this  work  have 
made  his  assistance  most  valuable.  Credit  should  be  given  Dr.  H.  M. 
Westergaard,  Instructor  in  Theoretical  and  Applied  Mechanics,  for 
his   helpful    work    on    the    mathematical    derivation   of   the    equations 


STRESSES   I'if   RAILROAD   TRACK  1197 

given  in  the  analysis  of  the  action  of  track  on  a  continuous  elastic 
support. 

To  Mr.  H.  E.  Thomas,  who,  as 'jiSsistant  Engineer  of  Tests,  has 
been  in  immediate  charge  of  the  testing  operations  and  of  the  office 
work,  acknowledgment  is  due,  not  only  for  skill,  industry,  and  insight, 
but  for  the  zeiilous  spirit  of  scientific  investigation  with  which  the 
work  has  been  conducted.  Mr.  R.  R.  Zipprodt  has  contributed  to  the 
accuracy  of  the  work  by  his  faithful  and  caretaking  reading  of  records, 
calculation  of  results,  and  assistance  in  field  work.  Necessarily,  the 
personnel  of  the  test  party  has  been  a  changing  one,  but  all  those 
engaged  in  the  work  have  exhibited  care,  loyaltj',  and  enthusiasm, 
which  has  materially  promoted  the  satisfactory  progress  of  the  invest!-' 
gation.  -ii'-.-- .''..^ 

The  committee  was  fortunate  in  having  the  advantage  of  the  experi-' 
ence  of  Dr.  P.  H.  Dudley,  a  pioneer  in  testing  railroad  track.  Mr. 
P.  M.  LaBach's  familiarity  with  European  literature  relating  to  track 
and  track  tests  has  been  of  service.  Since  its  formation  the  Committee 
has  lost  by  resignation  of  membership  J.  B.  Berry  and  William  McNab, 
Members,  Am.  Soc.  C.  E.,  whose  duties  in  new  positions  prevented 
their  giving  further  attention  to  the  work  of  the  Committee.  A 
further  loss  in  membership  occurred  through  the  death  of  Emil  Gerber, 
M.  Am.  Soc.  C.  E. 

II. — The  Action  of  Track  as  an  Elastic  Structure. 

3. — The  General  Behavior  of  Trach  Under  Load. — A  proper  con- 
ception of  the  fundamentals  underlying  the  action  of  track  under  load 
may  be  had  only  by  considering  the  track  as  an  elastic  structure  under 
load:  The  wheel  loads  are  applied  on  the  top  of  the  rails;  the  rails 
act  as  flexible  beams  which  rest  on  flexible  supports  (ties)  ;  and  the 
ballast  and  roadway  on  which  the  ties  rest  are  themselves  yielding  or 
riexible.  The  action  of  the  various  parts  of  this  elastic  structure  affects 
the  action  of  other  parts.  It  is  evident  that  the  quality  of  flexibility 
and  elasticity  and  stiffness  of  the  supporting  substructure  constitutes 
an  important  element  in  track  action,  influences  very  greatly  the 
action  of  the  rail,  and  affects  the  stresses  developed  in  the  various  parts 
of  the  track. 

Due  to  the  stiffness  of  the  rail  and  the  yielding  of  its  supports, 
the  load  from  a  wheel  will  be  distributed  over  a  number  of  ties.  It 
is  evident  that  the  amount  of  yielding  of  the  supports  affects  the 
values  of  the  moments  and  stresses  developed  in  the  rail.  As  the 
distribution  of  the  wheel  load  among  a  number  of  ties  produces 
upward  pressures  or  tie  reactions  of  varying  amounts,  the  determi- 
nation of  these  tie  reactions  is  connected  with  the  problem  of  deter- 
mining analytically  the  stresses  in  the  rail.  The  properties  of  elas- 
ticity and  stiffness  in  the  rail,  the  tie,  the  ballast,  and  the  roadway 
enter  in  a  complex  manner  into  the  development  of  the  stresses  in 
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the  track  structure,  the  relative  stiffness  of  the  various  parts  affecting 
the  results  in  any  one  part.  The  spacing  of  the  wheels  of  locomotives 
and  cars  longitudinally  along  the  track  also  influences  the  division 
of  the  load,  as  pressures  on  the  various  ties,  and  hence  influences  the 
value  of  the  stresses  developed  in  rails,  ties,  and  ballast.  The  track 
is  flexible,  and  its  action  under  load  is  exceedingly  complex,  especially 
under  the  variable  conditions  found  in  tie  bearings,  ballast  pressures, 
and  roadway  resistances. 

Before  attempting  to  give  an  analytical  treatment  of  the  moments 
and  stresses  developed  in  the  parts  of  the  track  structure,  it  may  be 
well  to  discuss  in  a  general  way  the  action  of  that  structure.  It 
is  believed  that  this  may  be  helpful  in  forming  proper  conceptions 
and  in  showing  that  certain  notions  of  the  manner  in  which  the  rail 
acts  are  incorrect  and  misleading. 

A  number  of  writers  have  obtained  expressions  for  the  bending 
moment  and  stresses  in  a  rail  by  considering  the  latter  as  a  simple 
beam  supported  on  the  two  adjacent  ties,  with  the  wheel  load  at  a  point 
half  way  between.  This  assumption  gives  a  positive  bending  moment 
under  the  wheel  of  -]  Pa,  where  P  is  the  wheel  load  and  a  is  the  distance 
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ASSUMED  TIE  REACTIONS  FOR  ONE-AXLE  LOAD 
FIG.    1. 

from  center  to  center  of  ties.  Other  writers  assume  the  beam  to 
be  fully  restrained  over  the  adjacent  ties;  this  makes  the  positive 
moment  i  Pa  and  the  negative  moment  ^  Pa.  Among  other  values 
which  have  been  put  forward  are  those  of  O.lSPa  for  the  positive 
bending  moment  under  the  load,  and  0.09Pa  for  the  negative  moment, 
which  is  considered  to  be  over  the  adjoining  tie.  In  all  these  it  is 
virtually  assumed  that  the  load  is  taken  only  by  the  two  ties  adjacent 
to  the  load. 

The  conditions  for  a  single  wheel  load  may  be  approximated  by 
taking  the  upward  tie  pressures  as  the  loads  on  the  rail  and  the  wheel 
load  as  the  reaction,  and  in  effect  considering  the  rail  cut  at  the  last 
tie.  The  wheel  load  is  distributed  over  a  number  of  ties.  The  propor- 
tional part  of  the  wheel  load  for  each  tie  reaction  depends  on  the 
tie  spacing,  the  stiffness  of  the  tie  and  of  the  supporting  substructure 
(ballast  and  roadway),  and  the  stiffness  of  the  rail.  Consider  that 
the  tie  reactions  are  somewhat  as  given  in  Fig.  1,  which  approximates 
the  values  found  in  tests.  For  this  assumed  distribution  of  tie  reac- 
tions, the  bending  moment  under  the  load  will  then  be  O.QSPa,  if 
we  consider  that  the  rail  is  not  held  down  in  such  a  way  as  to  give 
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negative  reactions  and  negative  resisting  moments  away  from  the 
wheel.  It  is  seen  from  this  illustration  that  a  single  load  may  give 
a  high  bending  moment  in  the  rail.  'jHuu 

If,  now,  we  consider  a  rail  with  an  indefinitely  large  number  of 
evenly  spaced  wheel  loads,  the  tie  spacing  being,  say,  not  more  than 
one- third  of  the  wheel  spacing,  it  can  be  shown  that,  for  a  given  wheel 
spacing,  there  is  relatively  little  difference  in  the  tie  reactions  until 
the  wheel  spacing  becomes  quite  large.  Assuming  for  present  purposes 
that  the  tie  reactions  are  equal,  and  that  the  wheels  are  at  points 
midway  between  ties  (Fig.  2),  the  positive  bending  moment  under 
loads  three  tie  spaces  apart  is  found  to  be  about  0.263Pa,  and  the 
negatiye  bending  moment  —  0.154Pa;  and  0.345Pa  and  —  0.156Pa, 
respectively,  when  the  wheel  spacing  is  four  tie  spaces.  Expressing  the 
bending  moments  in  terms  of  the  wheel  spacing,  I,  the  values  become 
0.088  PI  and  —  0.051  PI  for  I  =  Ba,  and  0.086  PI  and  —  0.039  Pi  for 
I  =  4a.  It  is  readily  seen  from  this  that,  for  the  conditions  assumed, 
the  bending  moments — and  therefore  the  stresses  in  the  rail — will 
be  dependent  on  the  wheel  spacing,  and  that  this  influence  will  continue 
until  the  wheel  spacing  becomes  so  great  as  to  approach  the  con- 
ditions of  single  loads. 
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SERIES  OF   LOADS 
WITH  ASSUMPTION  OF  EQUAL  TIE  REACTIONS 

Fig.  2. 

The  foregoing  refers  only  to  an  indefinitely  large  number  of  wheel 
loads.  For  a  small  number  the  results  will  be  greatly  modified.  In 
case  two,  three,  or  four  wheels  are  spaced  as  above,  it  may  be  expected 
that  the  positive  moment  developed  imder  the  first  and  last  loads 
will  be  greater  than  the  foregoing  values,  and  the  moment  under  inter- 
mediate wheels  somewhat  less  than  at  the  outer  wheels.  The  amount 
of  this  difference  will  depend  on  the  properties  of  the  track,  including 
the  stiffness  of  the  rail.  When  there  are  other  wheel  loads,  as  truck 
wheels,  not  too  far  away,  their  effect  is  to  modify  the  moments  pro- 
duced under  the  main  wheels.  On  the  whole,  the  problem  is  very 
complicated. 

It  is  apparent  that,  for  conditions  here  considered,  changes  in  the 
closeness  of  tie  spacing  have  relatively  small  effects  on  the  bending 
moment  developed  in  the  rail  by  a  given  wheel  loading;  thus,  for  a, 
wheel  spacing  equal  to  three  tie  spaces  and  an  indefinitely  large 
number  of  wheels  thus  spaced,  the  positive  moment  is  about  0.088PZ; 
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and,  if  the  ties  were  spaced  so  closely  as  to  approach  conditions  of 
uniform  distribution  of  bearing  pressures  from  wheel  to  wheel,  the 
positive  bending  moment  would  be  approximately  0.083PL  It  is 
also  well  to  note  that,  by  this  method  of  analysis,  the  bending  moment 
under  the  wheel  may  be  expected  to  be  nearly  as  much  for  wheels 
placed  over  ties  as  when  they  are  midway  between  ties.  The  fore- 
going discussion  is  based  on  an  assumption  of  uniform  resistance  of 
the  substructure;  namely,  that  the  stiffness  of  the  elastic  support  is 
the  same  at  each  tie.  It  is  evident  that  the  stresses  in  the  rail  will 
be  modified  by  the  varying  conditions  of  the  tie,  ballast,  and  roadway 
from  point  to  point  along  the  track. 

Another  important  element  in  the  problem  of  determining  stresses 
in  track  is  the  effect  of  speed  of  locomotive  and  train.  On  this  matter 
analysis  alone  can  give  little  real  information,  and  it  must  be  expected 
that  reliance  must  be  placed  on  experimental  data. 

The  reaction  of  the  tie  or  its  upward  pressure  on  the  rail  depends 
on  the  stiffness  or  the  yieldability  of  the  ballast  and  roadway,  and 
also  on  the  stiffness  of  the  rail,  which,  of  course,  is  dependent  on  its 
moment  of  inertia.  For  good  track  and  for  a  wheel  spacing  of  not 
more  than  three  or  four  tie  spaces,  the  tie  reactions  for  the  ties  between 
■wheels  wdll  not  vary  greatly  from  each  other.  In  front  of  the  front 
wheel  and  behind  the  rear  wheel  of  a  set  of  wheels,  and  also  in  front 
of  and  behind  a  single  wheel,  the  division  of  the  reactions  among 
various  ties  will  be  dependent  on  the  stiffness  of  the  track  (rail,  tie, 
ballast,  and  roadway).  The  determination  of  this  stiffness  is  one 
of  the  problems  connected  with  the  experimental  work. 

The  distribution  of  the  upward  pressure  of  the  ballast  against  a 
tie  along  its  length  may  be  expected  to  vary  with  the  tamping  and 
with  the  ballast  and  roadway  conditions,  and  also  depends  on  the 
dimensions  of  the  tie.  For  usual  conditions  of  good  track,  it  would 
seem  that  the  upward  pressure  will  continue  from  the  rail  to  the  end 
of  the  tie  and  for  at  least  a  similar  distance  inside  the  rail.  The 
exact  distribution  will  depend  on  the  amount  of  bending  of  the  tie 
and  on  the  permanent  depression  made  in  the  ballast  by  the  previous 
applications  of  load,  as  well  as  on  the  yieldability  of  the  ballast  and 
roadway.  It  will  help  in  getting  a  conception  of  the  action  of  the 
tie  and  ballast  to  consider  the  tie  to  be  set  on  a  bed  of  stiff  springs; 
under  load,  the  tie  bends  and  the  springs  compress  in  proportion  to 
the  load  put  on  them.  The  stiffness  of  the  springs  depends  on  the 
nature  of  the  tie  bearing  and  the  consolidation  of  the  ballast  and 
other  bearing  material,  and  their  elastic  properties.  At  the  middle 
point  of  the  tie  the  springs  will  generally  have  little  bearing  resistance. 
Fig.  3  gives  a  general  notion  of  the  distribution  of  the  load  along 
a  tie.  However,  it  must  be  expected  that  changes  in  the  conditions 
of   ballast    and    roadway — like    freezing    and    thawing — differences    in 
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bearing  conditions  of  adjacent  ties,  and  the  differences  in  resistance 
to  repetition  of  pressure  on  the  ballast  along  the  length  of  the  tie, 
greatly  modify  the  distribution;  and  such  changes  may  be  expected 
to  increase  the  bending  stresses  in  the  tie. 

It  is  usual  to  think  of  the  distribution  of  pressure  across  the 
width  of  the  tie  as  being  nearly  uniform;  that  is,  to  consider  the  whole 
width  of  the  tie  as  equally  effective  in  transmitting  pressure  from 
the  tie  to  the  ballast.  The  ballast,  however,  is  composed  of  non- 
cohesive  particles.  As"  the  transmission  of  pressure  in  directions 
other  than  the  vertical  is  dependent  on  friction  between  particles,  the 
vertical  pressures  at  the  edge  of  the  tie  must  be  less  than  the  pressures 
transmitted  from  the  middle  of  its  width,  and  this  difference  results 
in  a  distribution  of  pressure  far  from  uniform  across  the  width  of 
the  tie.  For  ties  which  are  spaced  not  too  far  apart,  there  is  something 
of  a  reaction  from  the  adjoining  tie,  which  may  be  expected  to 
improve  the  distribution  across  the  face.  On  the  whole,  however, 
the  upward  pressure  against  the  tie  cannot  be  uniform  across  its  width. 
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Fig.  3.  '." 

The  ballast,  as  a  part  of  the  structure  of  the  track,  in  addition  to 
other  important  purposes,  such  as  drainage,  serves  to  transmit  the 
tie  pressures  and  reactions  to  the  roadway,  and  acts  to  distribute  the 
pressure  more  nearly  evenly  over  the  surface  of  the  roadway.  The 
laws  governing  the  distribution  and  transmission  of  pressure  through 
the  ballast  must  be  expected  to  have  an  important  bearing  on  the 
proportioning  of  the  track  structure.  The  formulation  of  these  laws 
and  the  determination  of  constants  relating  to  stiffness  or  yieldability 
must  await  experimental  work.  '-*  onuo  ij 

The  roadway  itself,  acting  as  a  support,  also  serves  to  transmit 
pressures  and  to  distribute  them  to  the  surface  of  the  earth  below. 
The  conditions  of  the  roadway  and  the  materials  of  which  it  is  made 
may  be  expected  to  affect  the  action  of  the  track.  Little  is  known 
about  this. 

Enough  has  been  stated  to  show  that  the  problem  of  the  stresses 
in  track  is  not  a  simple  one,  that  it  involves  a  large  number  of  elements 
which  have  the  nature  of  variables,  that  these  variables  enter  into 
the  problem  in  a  complex  manner,  and  that  it  is  necessary  to  have 
a  diversity  of  experimental  data  relating  to  the  several  variables  before 
attempting  to  formulate  the  laws  governing  the  stresses  in  track. 
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Ji. — Analysis  of  Track  Action. — An  analytical  treatment  of  the 
action  of  track  under  load  has  a  value  in  the  comparison  of  experi- 
mental data.  It  will  be  of  use  in  establishing  the  physical  properties 
of  track.  It  should  be  an  aid  in  forming  proper  conceptions  of  the 
manner  in  which  track  acts  under  load.  It  will  be  found  to  be  a 
convenience  in  discussing  the  effect  of  rail  section,  tie  spacing,  driver 
and  wheel  spacing,  depth  of  ballast  and  its  stiffness,  and  condition 
of  roadway.  Such  analyses  are  based  on  the  theory  of  flexure,  and 
involve  complicated  mathematical  procedure.  It  may  not  be  expected 
that  an  analysis  of  track  action  will  fit  accurately,  the  many  variables 
of  track,  and,  besides,  the  track  varies  in  its  properties  from  point  to 
point.  What  is  wanted  is  an  analysis  that  may  readily  be  used  and 
that  may  easily  be  applied  to  combinations  of  wheel  loads,  to  variations 
in  wheel  spacing,  and  to  particular  physical  conditions  of  track.  Most 
analytical  treatments  give  results  in  such-  complicated  form  that 
their  application  is  time-consuming.  The  simplified  forms  of  analysis 
may  not  have  a  wide  range  of  applicability.  Various  methods  of 
analysis  have  been  examined,  including  those  given  in  foreign  pub- 
lications. Much  time  and  considerable  effort  have  been  devoted  to 
a  study  of  possible  analyses,  and  a  variety  of  methods  of  attack  have 
been  taken  up.  As  a  result,  it  is  concluded  that  the  method  of  analysis 
which  is  based  on  the  assumption  of  a  continuous  elastic  support  under 
the  rail  is  by  far  the  most  convenient,  most  easily  applied,  and  most 
comprehensive  in  its  application  to  the  questions  involved  in  the  work 
of  the  Committee.  This  analysis  lends  itself  very  readily  to  a  dis- 
cussion of  the  general  problems  of  track. 

The  assumption  of  a  continuous  support  in  place  of  tie  supports 
is  not  an  element  of  serious  inaccuracy  for  the  close  tie  spacing  and 
large  rail  sections  used  on  American  railroads,  especially  as  the  use 
of  values  of  track  stiffness  determined  from  data  taken  from  tests 
on  ordinary  track  carries  into  the  constants  established  much  of  the 
condition  of  concentrated  tie  loads.  The  results  of  this  analysis  are 
similar  in  general  character  to  those  tried  using  concentrated  tie  loads. 
The  method  has  been  found  to  be  more  general  and  to  have  fewer  limi- 
tations than  the  methods  based  on  concentrated  tie  loads. 

The  term,  modulus  of  elasticity  of  rail-support,  is  introduced  as  a 
measiire  of  the  vertical  stiffness  of  the  rail-support.  It  may  be  defined 
as  the  pressure  per  unit  of  length  of  each  rail  required  to  depress  the 
track  one  unit.  It  represents  the  stiffness  and  yieldability  of  tie, 
ballast,  and  roadway,  but  does  not  involve  the  stiffness  of  the  rail.  As 
applied  to  ordinary  track,  the  load  on  one  rail  required  to  depress 
one  tie  one  unit,  divided  by  the  tie  spacing,  will  give  the  modulus 
of  elasticity  of  rail-support.  As  an  illustration,  consider  that  a  series 
of  wheel  loads  which  depress  the  track  an  average  of  0.3  in.  gives  a 
load  equivalent  to   10  000  lb.  per  tie  for  each  rail,  and  that  the  tie 
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spacing  is  22  in. ;  the  modulus  of  elasticity  of  rail-support  is  then 
1  500  lb.  per  inch  of  length  of  rail  per  inch  of  depression.  The  value 
of  the  modulus  of  elasticity  of  rail-support  is  so  related  to  tie  spacing 
and  tie  dimensions,  depth  of  ballast,  quality  of  tie,  solidity  of  roadway, 
character  of  tamping  and  surface,  and  other  conditions  of  the  track 
and  its  maintenance,  that  it  will  vary  considerably  according  to  the 
quality  of  the  track. 

The  method  of  analysis  will  be  developed,  first  for  a  single  wheel 
load  and  then  for  a  combination  of  wheel  loads. 

5. — Depressions,  Upward  Pressures,  and  Bending  Moments  in  Rail 
for  Trach  having  a  Continuous  Elastic  Support;  Single  Wheel  Load. — 
Assume  that  the  rail  is  supported  continuously  on  an  elastic  support 
and  that  the  support  has  a  constant  modulus  of  stiffness;  that  is, 
that  the  depression  of  the  track  and  the  resulting  upward  pressures 
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DISTRIBUTION  OF  DEPRESSION, 

AND  BENDING  MOMENT  FOR  SINGLE-WHEEL  LOAD 

Fig.  4. 

on  the  rail  are  directly  proportional  to  each  other.  Assume,  further, 
that  the  track  construction  is  such  that  negative  pressures  may  be 
developed.     The  following  nomenclature  will  be  used  (see  Fig.  4) : 

P  =  wheel  load  on  rail  at  point  which  will  be  used  as  the  origin 

of  abscissas ; 
E  =  modulus  of  elasticity  of  steel ; 

/   =  moment  of  inertia  of  section  of  the  rail; 

y  =  depression  of  rail  at  any  point,  x,  it  being  assumed  that 
there  is  no  play  or  back-lash  in  the  track;  downward  dis- 
placement of  rail  is  negative;  however,  in  the  applications 
to  track,  the  ordinary  downward  depressions  of  track  will 
be  spoken  of  as  positive; 

y^  =  depression  of  rail  at  point  of  wheel  load  (a;  =  0)  ; 

p  =  upward  pressure  against  rail  per  unit  of  length  of  rail  at 
any  given  point; 
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Po  ^^  upward  pressure  against  rail  per  unit  of  length  of  rail  at 
the  given  wheel  load  (a;  =  0) ; 
'"  '"w'=an  elastic  constant  which  denotes  the  pressure  per  unit  of 
length  of  each  rail  necessary  to  depress  the  track   (rail, 
tie,   ballast,   and   roadway)    one  unit;   for   the   system   of 
units  ordinarily  used,  it  will  be  expressed  in  pounds  per 
inch  of  length  of  rail  required  to  depress  the  track  1  in.; 
u  represents  the  stiffness  of  the  track,  and  involves  con- 
ditions  of   tie,   ballast,    and   roadway;    it   is   termed   the 
modulus  of  elasticity  of  rail-support; 
,.M=  bending  moment  in  rail  at  any  point; 
il/(,=  bending  moment  in  rail  at  point  of  wheel  load  due  to  single 
wheel  load  (x  =  0) ; 

x^  =  distance  from  wheel  load  to  point  of  zero  bending  moment 
in  rail; 

a;^  ^  distance  from  wheel  load  to  point  of  zero  upward  pressure; 
it  will  be  shown  that  x^  is  3x^ ; 

e  =  base  of  natural  system  of  logarithms  =  2.7183. 

The  fundamental  condition  on  which  the  analysis  is  based  is  that 
the  track  depression  at  any  point  and  the  upward  pressure  on  the 
rail  per  unit  of  length  at  the  same  point  are  directly  proportional  to 
each  other.    In  other  words,  p  =  u  y. 

It  will  be  recalled  that,  in  the  mechanics  of  beams,  the  derivatives 
of  the  elastic  curve  (first,  second,  third,  and  fourth),  in  their  order, 
represent  or  are  proportional  to  (1)  the  slope  of  the  elastic  curve, 
(2)  the  bending  moment  in  the  beam,  (3)  the  shear,  and  (4)  the 
intensity  of  the  load.  In  the  case  in  hand,  the  fourth  derivative  (the 
intensity  of  the  load)  has  the  unique  relation  of  being  directly  pro- 
portional to  the  original  function,  given  by  the  equation  of  the  elastic 
curve  or  curve  of  depression  of  track. 

From    the    fundamental    condition,    the    differential    equation    of 

equilibrium*  is         '<^  ^1'''' 

d*  y 

EI  -—-,  =  uy \ah^,Q (1) 

a  X 

This  differential  equation  is  satisfied  by  the  following  equation : 


y  = 


-^64  E  I  u^ 


^-^.Ir     (cos.x^^^+sin..^^4-J...(2) 


*  The  method  of  attack  used  in  this  mathematical  solution  may  be  found  in 
Foppl's  "Technische  Mechanik",  Vol.  Ill,  pp.  254-268,  Edition  of  1900,  where  a  treat- 
ment of  various  problems  concerning  beams  on  continuous  elastic  supports  is  given. 
The  method  of  analysis  is  here  applied  directly  to  the  problem  of  track,  and  especially 
to  the  bending  moment  in  the  rail. 
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The  successive  derivatives  of  this  expression  are 
dy  ^ 


2  P  _  ^  \/_^  /     u 


^  ^7^3=-^^      ^^Ei  ^os-^-<l^l^ (5) 


d  x^  2  '      \AE  I 

The  equation  for  intensity  of  prest>ure  against  the  rail  is 


^  =  -""  =  ^^6-1^  '"  ^''^'  {""'■'' <J4h  +  '"'-'<JTEl) 


(6) 


The  mathematical  derivation  of  these  equations  will  not  be  given, 
but  the  solution  is  seen  to  be  correct  because,  at  the  same  time,  two 
types  of  conditions  are  satisfied: 

1. — The    differential    equation  is    satisfied    by    Equation    (2)    for 

all  positive  values  of  x. 

2. — All    necessary    conditions  at    special    points    are    satisfied    as 

follows : 

d^  V  P 

d  of  2 

d  y 
(h)    — -  =  0  for  X  ^  0  and  x  =  a 
d  X 

(c)    y  —  0  for  X  =  (X 

The  following  special  values  of  the  functions  will  be  useful : 
The   distance   from  the    wheel  load   to    the   point  of  zero   bending 
moment  in  the  rail  (M  =  0  in  Equation  (-i))  is 


TT    Ji  E  I  - 

•'h  =  ^ '\~~^  •  •  •^-  •i9i»i«>  «-w- (7) 

•       The  value  of  the  maximum  bending  moment  in  the  rail  (which  is  at 
the  wheel  load)  (x  =  0  in  Equation  (4))  is  U 


^o-=P  \/^  =  0.318  Px,.. (8) 

The  value  of  the  maximum  track  depression  (which  is  at  the  wheel 
load)  (x  :=  0  in  Equation  (2))  is  ,. 

2/0  = ^^=, ^9) 

a'64  E  I  n* 
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The  value  of  the  maximum  intensity  of  upward  pressure  (which  is  at 
the  wheel  load)  (x  —  0  in  Equation  (6))  is 


The   distance   from   the   wheel   load  to    the    point    of   zero    upward 
pressure  on  the  rail  (})  =  0  in  Equation  (6))  is 


3  7t      ii  E  I 

'''  =  T  \~^  ^'^''' ^^^^ 

Fig.  5  gives  master  diagrams  for  (1)  the  moment  developed  in 
the  rail,  and  (2)  the  intensity  of  pressure  against  the  rail  and  the 
depression  of  the  rail,  as  determined  from  the  foregoing  equations. 
The  diagrams  represent  relative  values.  The  bending  moment  under 
the  wheel  load  is  given  as  unity,  and  the  values  of  the  bending  moment 
at  other  points  (given  as  ordinates  of  the  bending  moment  curve) 
are  expressed  in  terms  of  the  bending  moment  at  the  wheel  load.  The 
intensity  of  upward  pressure  (represented  by  the  ordinate  to  the 
pressure  curve)  is  also  expressed  in  terms  of  the  intensity  of  pressure 
at  the  wheel  load  as  unity.  Similarly,  the  abscissas  of  the  two  dia- 
grams (bending  moments  and  pressures)  are  expressed  in  terms  of 
the  distance  from  the  wheel  load  to  the  point  of  zero  bending  moment 
as  unity;  i.  e.,  as  abscissa  ratios.  For  any  given  track  conditions,  the 
value  of  the  maximum  bending  moment,  J/q,  may  be  computed  by 
Equation  (8)  and  the  distance,  i\,  to  the  point  of  zero  bending  moment 
by  Equation  (7).  To  get  the  bending  moment  at  any  given  point, 
find  the  ratio  of  x  for  the  given  point  to  x^  and  take  the  ordinate  from 
the  diagram  by  using  this  ratio  as  the  abscissa.  The  bending  moment 
in  the  rail  at  the  given  point  will  then  be  found  by  multiplying  the 
v^alue  of  the  maximum  moment,  M^  (already  computed),  by  the  ordinate 
found  from  the  diagram.  Similarly,  the  value  of  the  intensity  of 
pressure  at  a  given  point  may  be  determined  by  multiplying  the  inten- 
'sity  of  pressure  under  the  wheel  load  by  the  ordinate  for  pressure  at 
a  given  point  obtained  from  the  diagram. 

As  an  illustration,  consider  a  100-lb.  rail  section  (/  =  44)  and 
that,  for  the  track  conditions,  w  =  1  500  lb.  per  inch  of  length  of 
rail  per  inch  of  depression,    x^  is  found  to  be  34  in.    For  a  point  66  in. 

from  the  wheel  load,  the  abscissa  ratio  is  then  —  =  —   =    1.94.      From 

Xj         34 

the  master  diagrams  (Fig.  5),  the  bending- moment  ratio  at  the 
abscissa  ratio,  1.94,  is  —  0.20;  that  is,  the  bending  moment  at 
66  in.  from  the  wheel  load  is  0.20  of  that  at  the  wheel  load, 
and  is  negative.  By  Equation  (8)  the  maximum  moment,  M^^, 
is     10. 8P.       The    bending    moment    at    a    point    66     in.     from    the 
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Kelative  Value  of  [Bending  Moment  in^Rail,  in  terms  of  M^ 
,  i  Track  Depressions.in  terms  of  Vq 
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wheel  load  is  then  the  product  of  M^  and  —  0.20,  which  is  —  2.16P. 
For  the  same  point  (x  =  66  in.),  the  relative  value  of  the  intensity 
of  pressure  is  found  from  the  diagram  to  be  0.22.  By  Equation  (10) 
the  intensity  of  pressure  at  the  wheel  load,  p^,  is  0.0115  P.  The  pres- 
sure 66  in.  away  is  then  the  product  of  p^  by  0.22,  which  is  0.0025  P. 

It  may  be  well  to  call  attention  to  the  effect  of  changes  in  the 
various  properties  of  track  on  the  resulting  track  depressions  and 
bending  moments  in  rail,  as  indicated  by  the  several  equations  already 
given  for  a  single  wheel  load.  From  Equation  (9)  it  is  seen  that 
Pq,  the  track  depression  under  the  wheel,  varies  directly  as  the  mag- 
nitude of  the  wheel  load,  P,  and  that  it  varies  inversely  as  the  fourth 
root  of  the  moment  of  inertia  of  the  rail  section  and  inversely  as  the 
three-fourths  power  of  the  modulus  of  elasticity  of  rail-support.  By 
this  formula,  doubling  the  moment  of  inertia  of  the  rail  section  will 
result  in  a  track  depression  imder  the  wheel  84%  as  great  as  that 
for  the  lighter  rail.  Increasing  the  stiffness  of  the  track  support  in 
such  way  as  to  double  the  modulus  of  elasticity  of  rail-support  will 
result  in  a  track  depression  59%  as  great  as  that  for  the  less  stiff  track. 
From  Equation  (8)  it  is  seen  that  M^,  the  bending  moment  in  the 
rail  under  the  wheel,  varies  directly  as  the  magnitude  of  the  wheel 
load,  P,  and  that  it  varies  directly  as  the  fourth  root  of  the  moment 
of  inertia  of  the  rail  section  and  inversely  as  the  fourth  root  of  the 
modulus  of  elasticity  of  rail-support.  By  this  formula,  doubling  the 
moment  of  inertia  of  the  rail  section  will  result  in  a  bending  moment 
in  the  rail  under  the  wheel  1.19  times  as  great  as  that  for  the  lighter 
rail.  Increasing  the  stiffness  of  the  track  support  in  such  way  as  to 
double  the  modulus  of  elasticity  of  rail-support  will  result  in  a  bending 
moment  in  the  rail  under  the  wheel  84%  as  great  as  that  for  the 
less  stiff  track.  It  should  be  noted  that  the  foregoing  applies  to  results 
for  a  single  wheel  load  on  a  rail ;  the  effect  of  two  or  more  wheel  loads 
is  discussed  in  the  following  article. 

6. — Combination  of  Wheel  Loads. — To  find  the  effect  of  a  com- 
bination of  wheel  loads  on  the  track  depressions  and  the  pressures 
and  the  bending  moment  in  the  rail,  as  may  occur  with  a  given  type 
of  locomotive,  the  equations  and  diagrams  for  a  single  wheel  load 
may  be  applied  by  the  use  of  the  principle  of  superposition;  i.  e.,  by 
considering  that,  at  a  given  point  along  the  rail,  the  combined  effect 
of  two  or  more  wheel  loads  is  the  algebraic  sum  of  the  effects  of 
the  individual  wheel  loads.  The  effect  which  each  wheel  produces  at 
any  given  point  may  be  determined  from  the  master  diagrams  (Fig.  5), 
and  the  cumulative  effect  of  the  several  loads  may  then  be  found 
by  adding  the  components  produced  by  each  wheel  load.  This  method 
of  superposition  of  components  is  applicable  to  bending  moments  as 
well  as  to  track  depressions  and  pressures.  The  method  may  best  be 
described  by  an  illustrative  example. 
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■  Take  a  Mikado  locomotive,  with  the  wheel  loads  and  wheel  spacings 
given  in  Fig.  6,  and  let  the  problem  be  to  calculate  the  bending  moments 
in  the  rail  at  various  points.     In  using  Fig.  5,  take  as  the  absciss^ 

the  ratio,  — ,  where  x  is  the  distance,!  fr©^   the   given   point   to   the 

wheel  load  the  effect  of  which  is  to  be  determined  and  x^  is  the  distance 
from  the  wheel  to  the  point  of  zero  bending  moment  in  the  case  of  a 
single  wheel  load.  The  bending  moments  will  be  obtained  in  terms  of 
the  maximum  bending  moment  for  a  single  wheel  load  (Equation  (8)). 

BENDING  MOMENTS  AND  TRACK  DEPRESSIONS 
FOR  MIKADO  LOCOMOTIVE,  FROM  ANALYSIS.  100-LB.  RAIL 


100  1b.  Rail.       11  =  1500.  ari=31.1''        itf„=10.gp.  y„  =0.000007" li>  Pzr  27500    lb. 


v^i-^  u  y;i  J  uj 


F^G.   6. 


To  find  the  bending  moment  produced  by  a  wheel  load  at  a  section 
in  the  rail  x  distant  from  the  wheel  load,  take  from  the  moment  dia- 
gram in  Fig.  5  the  ordinate  (which  gives  relative  values  of  bending 

moments)  corresponding  to  the  given  abscissa  ratio,  --;-.     The  values 

■*'i 
may  best  be  kept  as  relative  values  and  considered  as  effects  of  the 
several  wheel  loads  until  the  components  have  been  summed.  The 
bending  moment  at  the  given  point  may  then  be  found  by  multiplying 
the  maximum  bending  moment  for  a  single  wheel  load  (as  found  from 
Equation  (8))  by  the  ratio  found  by  the  summation  of  components. 
Where  the  wheel  loads  are  unequal,  use  the  ratio  of  the  wheel  loads 
in   the  calculations;   thus,   if  the  effect  of  the  pilot  truck   wheel   on 

12  500 
a  point  at  the  first  driver  is  to  be  found,  use  the  ratio  • 
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Consider  that  the  track  conditions  are  such  that  the  modulus  of 
elasticity  of  rail-support,  u,  is  1 500  lb.  per  inch  of  length  of  rail 
per  inch  of  depression.  Consider  a  100-lb.  rail  section,  with  I  =  44. 
The  value  of  the  bending  moment  under  a  wheel  load,  where  unin- 
fluenced by  other  wheel  loads,  becomes,  for  the  constants  of  the  track, 
from  Equation  (8),  M^  =  10.8  P.  From  Equation  (7),  x^  =  34  in. 
For  the  distance  from  the  first  driver  to   the  pilot  truck  wheel   the 

X  104 

abscissa  ratio,  -^,  is  — — —   =    3.06.     For   the    distance    from    the    first 
Xj  34 

driver  to  the  second  driver  the  abscissa  ratio,  ^—,  is  —  =  1.94.     For 

a'l         34 

the  distance  from  the  fourth  driver  to  the  trailer  the  abscissa  ratio, 

— ,  is  =  3.53.    Take  ordinates  from  Fitr.  5  for  the  several  abscissa 

Xi  '34  o 

ratios.     The  effects  of  the  several  wheels  are  then  found,   and  these 
components  are  added  algebraically. 
Bending  Moment  at  First  Driver : 
-    Effect  of  first  driver +   1 .  00 

Effect    of    pilot  truck  wheel   f—  =  3.06^ 

12  500 

-  0-13    X  — — - -  0.06 

2/   oOO 

Effect  of  second  driver   ("— =  1.94^    —0.20 

Effect  of  third  driver  f-^  =  3.88^ —  0.05 

+  0.69 

The  bending  moment  at  the  first  driver  is  then  0.69  of  that  due 
to  the  weight  of  the  first  driver  if  it  acted  alone.  The  bending  moment 
at  this  point  becomes  M  =  0.69  M^  =  7.45  P  =  205  000  Ib-in. 
Bending  Moment  at  Second  Driver: 

Effect  of  second  driver -(-   1.00 

Effect  of  first  driver   (—  =  1.94^ —  0.20 

Effect  of  third  driver  (^  =  1.94^ —  0.20 

Effect  of  fourth  driver   (—  =  3 .  88^    —  0 .  05 

Eff'ect   of   pilot   truck   wheel  (^—    =5.0) 


12  .500 

0-0  X^^TSOO r.d4.H>.--  0-00 

+  0.55 
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The  bending  moment  at  the  second  driver  is  then  0.55  of  that 
due  to  the  weight  of  the  second  driver  if  it  acted  alone.  The  moment 
at  this  point  becomes  M  =  0.55  M^  =  5.94  P  =  163  000  Ib-in. 

Bending  Moment  at  Trailer: 

Effect  of  trailer  load +   1 .  00 

Effect  of  fourth  driver    I  —    =   3.53  \ 

_0.08X?^. ....'"..... -0.11 

20  000 


Effect  of    first  tender  wheel 


i\  -  -) 


20  000  ^  ^ , 

—   0.04  X  — — —  0.04 

20  000  

+  0.S5 

The  bending  moment  at  the  trailer  is  then  0.85  of  that  due  to  the 
trailer  load  if  it  acted  alone;  and  the  bending  moment  is  0.85  lf„  = 
9.18  P  =  184  000  Ib-in. 

The  method  may  be  applied  in  a  similar  way  to  the  determination 
of  the  bending  moments  at  points  away  from  wheel  loads.  The 
values  of  the  negative  bending  moment  may  thus  be  found.  Fig.  6 
shows  in  a  general  way  the  distribution  of  bending  moments  for  the 
conditions  assumed  in  the  preceding  illustration  and  for  the  loco- 
motive shown.  The  light  lines  show  the  moment  produced  by  the 
individual  loads;  the  heavy  line  is  the  resultant  moment  due  to  the 
combination  of  wheel  loads. 

If  the  weights  on  the  several  drivers  differ,  as  in  the  case  with  the 
Mikado  locomotive  of  the  Illinois  Central  Railroad  used  in  the  tests, 
the  difference  in  the  wheel  loads  may  easily  be  taken  into  account 
in  the  calculations. 

The  track  depressions  caused  by  the  assumed  locomotive  loading 
may  be  calculated  by  a  similar  process.  At  any  point  along  the  rail 
the  components  of  track  depressions  caused  by  the  individual  wheel 
loads  are  found,  and  their  algebraic  sum  gives  the  track  depression 
resulting  from  the  combination  of  loads.  The  values  may  be  taken 
from  Fig.  5  (which  gives  track  depressions  in  terms  of  y^,  the  depres- 

X 

sion  under  a    single    wheel    load)  for    an)'  given  value  of  — ,    where 

X  is  the  distance  from  the  given  point  on  the  rail  to  the  wheel  load 
the  effect  of  which  on  the  track  depression  is  to  be  determined,  and 
a\  is  the  distance  from  the  wheel  to  the  point  of  zero  bending  moment, 
in  the  case  of  a  single  wheel  load.  The  values  of  the  ratios  thus  found 
for  the  effect  of  the  several  loads  may  then  be  added  algebraically; 
the  product  of  this  resultant  ratio  and  y^  is  the  resultant  track  depres- 
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sion  due  to  the  combination  of  loads.  Fig.  6  illustrates  the  track  de- 
pression for  the  Mikado  locomotive  used  in  the  example  illustrating 
the  method  of  calculating  bending  moments.  The  light  lines  show 
the  track  depression  produced  by  the  individual  wheel  loads ;  the  heavy 
line  is  the  resultant  track  depression  due  to  the  combination  of  wheel 
loads.  To  illustrate  the  method  of  calculation,  consider  the  case  of 
the  track  depression  under  the  first  driver,  as  follows: 

Effect  of  first  driver ' .  . .  .yiij-,^, ...^ +  1 .  00 


Effect  of   pilot  truck  wheel    f—  =  3.00  ) 


12  500 
-«-«X  27500 -"■°'' 

Effect  of  second  driver   (—  =  1 .  94^   +  0 .  23 

Effect  of  third  driver   (—  =  3. 88^ —  0.  04 

+  1.19 

The  track  depression  at  the  first  driver  is  then  1.19  times  that 
due  to  the  weight  of  the  first  driver  if  it  acted  alone.  Since  y^,  the 
depression  under  the  first  driver  acting  alone  (from  Equation  (9)), 
would  be  0.00000774  F  =  0.213  in.  for  the  conditions  already  assumed 
for  the  track,  the  track  depression  at  this  point  will  be  1.19  y^  =  0.254 
in.  The  heavy  line  in  Fig.  6  gives  the  resulting  track  depressions  at 
all  points  along  the  locomotive.  The  vertical  pressures  may  be  found 
from  the  track  depressions  by  the  use  of  the  modules  of  elasticity  of 
rail-support,  u. 

Figs.  7  and  8  give  values  of  bending  moment  in  rail  and  track 
depression  for  an  Atlantic  locomotive  having  the  wheel  loads  and  wheel 
spacing  shown,  the  former  for  the  worn  85-lb.  rail  section  used  on  the 
test  track,  and  the  latter  for  the  125-lb.  rail  section,  the  value  of  u 
being  1  500  lb.  per  in.  per  in. 

Fig.  9  gives  values  of  bending  moment  in  rail  and  track  depression 
for  a  single  car  having  the  loads  shown,  and  Fig.  10'  gives  values  for 
the  truck  wheels  of  two  adjacent  cars,  the  rail  being  the  worn  85-lb. 
section  of  the  test  track  on  the  Illinois  Central  Eailroad  and  the 
value  of  u  being  1  500  lb.  per  in.  per  in. 

It  is  seen  that,  by  the  method  here  described,  the  effect  of  a 
combination  of  two  or  more  wheel  loads  on  the  track  depression  and 
the  bending  moment  in  rail  may  be  determined  for  the  condition  of 
continuous  support  here  assumed.  It  is  evident  that  a  second  wheel 
load  placed  within  a  limited  distance  from  another  wheel  will  cause 
a  smaller  bending  moment  to  be  produced  in  the  rail  at  the  wheel, 
and  likewise  a  larger  track  depression  than  would  be  produced  with 
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BENDING  MOMENTS  AND  TRACK   DEPRESSIONS 
FOR  ATLANTIC    LOCOMOTIVE,  FROM  ANALYSIS.  85-lB.   RAIL 


FIG.   7. 

BENDING  MOMENTS  AND  TRACK  DEPRESSIONS 
FOR  ATLANTIC   LOCOMOTIVE,  FROM  ANALYSIS.  1  25-LS.  RAIL 


Fig.   8. 
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a  single  wheel  load.  The  distance  between  wheels  for  which  there 
will  be  a  reduction  in  bending  moment  at  the  first  wheel  will  depend 
on  the  rail  section  used  and  on  the  modulus  of  elasticity  of  rail- 
support.  A  third  wheel  within  this  limiting  distance  (usually  on  the 
other  side  of  the  first  wheel)   will  also  act  to  decrease  still  further 

BENDING  MOMENTS  AND  TRACK  DEPRESSIONS 
FOR  LOADED  CAR,   FROM  ANALYSIS,  85-LB.  RAIL. 


fpj         TpS  Wheel  Load, P  =20  000  lb.  (pj         (pj 


85-lb.  Rail        ie=1500.    a:|=;!0.1  in.  jr,,  =  0.00000868  P.  P^ 20  000  lb. 


Litrht  Lines  -  Diagrams  for  one-axle  loads. 


Heavy  Lines  -  Composite  diajjrams 


Fig.  9. 


BENDING  MOMENTS  AND  TRACK   DEPRESSIONS 

FOR  TRUCKS  OF  TWO  ADJACENT  CARS,  FROM  ANALYSIS.  85-L.B.  RAIL 

Wheel  Load,  P=  20,000  lb. 


Light  lines  — Diagrams   forone-axle^loads. 


Heavy  lines — Composite  Diagrams 


Fig.  10. 
the  bending  moment  in  the  rail  at  the  first  wheel.  The  effect  of 
changes  in  the  values  of  the  moment  of  inertia  of  the  rail  section  and 
of  the  modulus  of  elasticity  of  rail-support  on  the  magnitude  of  the 
bending  moments  and  track  depressions  will  depend  on  the  spacing 
of  the  wheels.  For  any  given  wheel  loading  and  spacing,  this  effect 
may  be  readily  determined. 
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7 .—Discussion  of  Applicahility  of  Analysis. — From  the  foregoing 
illustrations  it  is  seen  that  the  method  of  applying  the  analysis  is  not 
complicated.  The  analysis  is  readily  applied  to  determining  the  effect 
of  a  combination  of  wheel  loads  having  any  arrangement  and  any  spac- 
ing, and  takes  into  account  the  effect  of  the  rail  section  used  and  the 
stiffness  of  the  track.  Although  the  cross-ties  constitute  a  discontinuous 
support,  their  width  forms  a  considerable  part  of  the  rail  length,  and, 
as  the  distance  from  a  single  wheel  load  to  the  point  where  the  track 
depression  is  zero  covers  from  four  to  six  tie  spacings,  in  such  track 
as  that  on  which  the  tests  were  made,  the  assumption  of  continuous 
support  may  not  be  expected  to  be  generally  much  in  error  for  the 
usual  conditions  of  good  track,  especially  as  the  method  used  for 
determining  the  value  of  the  modulus  of  elasticity  of  rail-support  will 
carry  into  this  value  some  of  the  conditions  attending  the  discontinuous 
support.  Naturally,  the  magnitude  of  the  modulus  of  elasticity  of 
rail-support  will  depend  on  the  size  and  spacing  of  the  ties,  the  quality 
and  depth  of  the  ballast,  the  stiffness  of  the  roadway,  and  the  general 
condition  of  the  track;  and  this  property  of  track  is  one  which  must 
be  determined  by  tests  at  different  locations  and  under  a  considerable 
range  of  conditions. 

It  may  appear  at  first  thought  that  the  assumption  involved  in  the 
analysis — that  the  rail  support  is  capable  of  developing  negative  pres- 
sures— may  interfere  with  the  accuracy  of  the  results.  Since  there  is 
play  between  the  rail  and  the  spikes,  and  since  the  ties  cannot  be 
expected  to  pull  down  on  the  rail,  at  least  until  there  is  some  upward 
movement  of  the  rail,  there  will  be  a  region  ahead  of  or  behind  a 
single  wheel  where  little  negative  pressure  may  be  developed  in  the 
track.  However,  in  a  combination  of  wheel  loads,  with  the  spacing 
usually  found  in  locomotives,  the  effect  of  adjacent  wheel  loads  in 
the  analysis  is  such  that  there  will  be  no  negative  pressure  except 
ahead  of  the  pilot  truck  wheel,  and  here  the  weight  of  the  rail  itself 
will  assist  in  developing  the  negative  pressure.  In  the  case  of  cars, 
the  analysis  may  give  negative  pressures  at  a  point  between  the  front 
and  rear  trucks  of  a  car,  but  not  between  that  of  one  car  and  the  next. 
It  may  be  expected  that  the  absence  of  resistance  to  the  upward  move- 
ment of  the  rail,  as  shown  by  a  rail  lifting  from  the  tie,  will  tend  to 
increase  the  bending  moment  in  the  rail  at  the  first  wheel  over  that 
given  if  the  negative  pressure  were  developed. 

Perhaps  a  more  serious  element  affecting  the  accuracy  of  this 
analysis,  and  of  any  analysis  which  could  readily  be  applied  to  com- 
binations of  wheel  loads,  lies  in  the  fact  that  at  small  loads  the  magni- 
tude of  the  track  depression  may  be  greater  accordingly  than  at 
large  loads;  in  other  words,  that  the  modulus  of  elasticity  of  rail- 
support  is  not  a  constant — a  condition  which  may  exist  when  the  track 
is   in   a   poorly   tamped   condition.      However,    for   the   heavier   wheel 
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loads,  like  the  drivers  and  trailer,  this  influence  may  not  be  very 
important.  For  a  condition  where  the  modulus  of  elasticity  of  rail- 
support  is  not  a  constant,  the  principle  of  superposition,  which  is 
utilized  in  most  methods  of  analysis  involving  flexure  of  structures, 
is  not  applicable,  and  hence  any  treatment  based  on  the  actual  relation 
between  pressure  and  depression  will  be  altogether  too  complicated  for 
any  practical  use. 

It  may  not  be  expected  that  any  method  of  analysis  will  give  results 
,that  will  fit  accurately  with  experimental  values.  The  variables  of 
;track  are  numerous  and  imcertain.  Notwithstanding  this,  a  usable 
analytical  treatment  is  of  great  value  in  the  comparison  of  experi- 
mental data  and  in  acquiring  a  conception  of  the  fundamentals  of  track 
action.  It  is  believed  that  the  analysis  here  given  is  acceptable  from 
most  points  of  view.  Possibly  in  the  future  it  may  be  found  practicable 
;,tp  make  empirical  modifications  of  it  which  will  fit  more  closely  the 
data  of  tests. 

III. — The  Conduct  of  Tests. 

A. — Apparatus,  and  Method  of  Conducting  Tests. 

5. — General  Requirements  for  Test  Apparatus. — An  experimental 
study  of  stresses  in  railroad  track  involves  the  measurement  of  defor- 
mations or  strains  in  rails,  pressures  existing  at  various  points  through- 
out the  ballast,  deflection  of  rails,  depression  and  bending  of  ties, 
and  depression  at  various  points  in  the  ballast  and  the  roadway,  when 
acted  on  by  a  load.  As  the  study  of  the  effects  of  different  kinds  of 
loading,  such  as  one-axle  loading,  two-axle  loading,  loading  with  loco- 
motives of  different  wheel  spacing  applied  both  statically  and  at 
Various  speeds,  was  an  essential  part  of  the  undertaking,  it  was  neces- 
sary that  the  design  of  the  instruments  be  made  suitable  for  use  luider 
the  diverse  conditions  of  the  various  tests. 

In  the  design  of  instruments,  simplicity  and  reliability  in  opera- 
tion rather  than  extreme  sensitiveness  were  considered  the  prime  requi- 
sites for  measurements  of  strains,  pressure,  and  depression.  The 
instruments  must  be  designed  so  that  they  will  operate  satisfactorily 
under  variable  weather  conditions  and  give  reliable  results  when  used 
amid  considerable  dust  and  dirt.  Some  instruments  are  attached  to 
rails  subjected  to  severe  vibration  under  rapidly  moving  locomotives; 
others  are  of  necessity  left  buried  in  ballast  for  weeks  at  a  time.  As 
thousands  of  observations  were  taken,  and  as  the  instruments  had 
to  be  adjusted  or  moved  frequently  in  the  short  time  between  the 
passage  of  trains  on  a  busy  track,  the  importance  of  simplicity  and 
rapidity  of  operation  can  hardly  be  over-emphasized.  The  dust  and 
dirt  unavoidably  present  woiJd  greatly  lessen  the  reliability  of  instru- 
.mepts  using  complicated,  delicate  mechanism. 


Fig.   11. — Berry   Strain   Gauge, 


Fig.   12. — Load-Indicating  Jacks  in  Position  for  One-Axle  Load  Test. 
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N'early  all  the  instruments  used  were  designed  especially  for  this 
work.  To  meet  the  severe  conditions  of  field  tests,  they  differ  from 
the  forms  which  might  be  suitable  for  those  to  be  used  under  labora- 
tory conditions.  This  difference  is  especially  great  for  those  used 
under  rapidly  moving  loads.  In  many  respects  the  problems  involved 
in  their  design  were  new,  and  in  some  cases  many  attempts  were 
made  and  a  number  of  forms  were  tried  out  before  satisfactory  results 
were  obtained.  Much  time  was  spent  in  experimenting  with  various 
forms  of  instruments  to  meet  the  needs  of  existing  conditions.  Details 
have  been  changed  from  time  to  time  as  improvements  were  devised. 
Those  described  herein  show  the  final  form  chosen  after  the  various 
modifications  of  details.  In  all  cases  they  have  given  consistent  results, 
have  been  found  to  be  sufiiciently  sensitive  to  permit  satisfactory  inter- 
pretation of  test  results,  have  been  accurate  within  the  limits  which 
were  thought  necessary  and  desirable,  and  have  proved  reliable  and 
simple  in  operation. 

9. — The  Strain  Gauge  and  Its  Use  in  Measuring  Strain  in  Rails 
Under  Static  Load. — In  the  tests  with  static  loading,  longitudinal  strains 
in  the  rails  under  bending  load  were  measured  by  means  of  a  Berry 
strain  gauge,  Fig.  11.  The  strain  gauge  measures  the  change  of  dis- 
tance between  two  small  drilled  holes,  A  and  B,  called  the  gauge  points, 
which  lie  at  the  two  ends  of  a  gauge  line  along  which  the  strain 
is  to  be  measured.  To  the  frame  of  the  strain  gauge  are  attached 
a  dial  micrometer  and  two  pointed  legs;  one  leg,  B,  is  attached  rigidly 
to  the  frame;  the  other  leg  is  pivoted  to  the  frame.  The  pivoted  leg 
forms  one  arm  of  a  bent  lever,  A-C-D,  the  other  arm  of  which  bears 
against  the  dial  micrometer,  M,  which  is  attached  to  the  frame  of 
the  instrument.  The  pointed  ends  of  the  legs  of  the  instrument  are 
placed  in  the  gauge  holes,  and  the  reading  of  the  micrometer  dial  is 
noted.  This  is  done  both  with  no  load  and  with  a  given  load.  For 
any  gauge  line,  the  total  strain  is  given  by  the  difference  between  the 
reading  under  no  load  and  the  reading  under  load.*  The  general 
method  of  using  this  instrument  consists  in  taking  readings  on  a 
series  of  gauge  lines  with  no  load  on  the  rail,  and  then  taking  a  series 
of  readings  on  the  same  gauge  lines  with  a  known  load  on  the  rail. 
For  accurate  work,  this  instrument  requires  the  touch  and  care  of  a 
skilled  operator.  The  unit  strain  is  foimd  by  dividing  the  total  strain 
by  the  length  of  the  gauge  line,  and  the  longitudinal  stress  is  deter- 
mined by  multiplying  the  unit  strain  by  the  modulus  of  elasticity 
of  the  steel,  which,  for  the  purposes  of  these  tests,  has  been  taken  as 
30  000  000  lb.  per  sq.  in.  The  length  of  the  gauge  line  used  was  4  in. 
The  gauge  holes  at  the  ends  of  each  gauge  line  were  drilled  about  yV 

*  For  a  more  detailed  discussion  of  the  strain  gauge  and  its  use.  see  Bulletin  6J(, 
Engineering  Experiment  Station.  University  of  Illinois,  "Tests  of  Reinforced  Concrete 
Buildings  under  Load",  by  Talbot  and  Slater,  and  Procerdinos.  Am.  Soc.  for  Testing 
Materials.  1915,  p.  1019,  "Use  of  the  Strain  Gauge  in  Te.=ting  Materials",  by  Slater 
and  Moore. 
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in.  deep  with  a  No.  54  drill  (0.055  in.  in  diameter)  and  were  in  the 
top  of  the  base  of  the  rail  about  i  in.  from  the  edge.     (See  Fig.  11.) 

10. — The  Level-Bar,  and  its  Use  in  the  Measurement  of  Bail  Deflec- 
tion and  Tie  Depression  under  Static  Load. — For  measuring  the  deflec- 
tion of  rail  and  the  depression  and  bending  of  ties,  the  level-bar  shown 
by  Fig.  13  was  used.  It  is  a  modification  of  an  instrument  used  by 
Dr.  P.  H.  Dudley,  Consulting  Engineer  of  the  l^ew  York  Central 
Lines,  for  determining  tie  and  rail  depressions,  differing  from  Dr. 
Dudley's  instrument  in  the  length  of  bar  and  in  the  micrometer  device. 
The  distance  between  the  two  conical  points,  A  and  B,  was  20  in. 

In  use,  A  is  placed  on  a  reference  point,  and  B  is  placed  on  the 
spot  for  which  the  deflection  is  desired.  The  leveling  nut,  N,  is  then 
turned,  raising  or  lowering  the  phmger,  P,  until  the  horizontal  bar 
stands  level,  as  shown  by  the  level  bubble.  The  dial  micrometer,  M, 
is  attached  to  the  plunger,  P.  A  reading  of  the  dial  micrometer  is 
taken  without  load  and  another  with  load.  The  difference  between 
the   two   readings   gives   the   change   in   elevation   at   one   point   with 
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Fig.  13. 

respect  to  the  other.  In  cases  for  which  a  constant  gauge  length  of 
20  in.  was  not  convenient,  instead  of  resting  the  instrument  on  A, 
the  longitudinal  slot  in  the  horizontal  bar  is  placed  on  a  projecting 
point,  such  as  the  pointed  rod  of  a  depression  plug  (Q,  in  Fig.  28). 
The  determination  of  the  deflection  by  the  use  of  the  level-bar  is  not 
affected  by  the  distance  between  reference  points. 

11. — The  Depression-Plug,  and  its  Use  in  the  Measurement  of  De- 
pression in  Ballast  and  Roadway. — In  order  to  measure  the  depression 
under  static  load  of  the  ballast  at  various  points  and  depths,  and  also 
the  depression  of  the  roadway,  the  device  shown  at  the  left  in  Fig.  14 
was  used.  This  device  is  called  a  depression-plug.  It  consists  of  a 
plate,  P,  about  3  in.  square,  to  which  is  attached  a  tube,  T,  with  a 
rod,  Q,  which  is  adjustable  for  height.  The  plate,  P,  is  placed  in  the 
ballast,  or  over  the  roadway  where  the  depression  is  to  be  measured, 
and  the  outer  tube,  S,  is  placed  over  the  tube,  T.  Direct  contact  of  T 
with  the  ballast  would  cause  friction  between  them,  and  consequently 
the  depression  of  P  would  be  affected.  The  enclosing  of  T  witli  S 
prevents  this.  The  lower  end  of  the  outer  tube,  8,  is  raised  an  inch 
or  two  above  the  plate,  P.     As  depression  occurs  at  P,  the  rod,  Q,  is 
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depressed  an  equal  distance,  and  the  depression  may  be  measured  with 
the  level-bar. 

For  measuring  the  depressions  directly  under  a  tie,  the  double 
depression-plug,  shown  at  the  right  in  Fig.  14,  w-as  used.  The  action 
of  this  plug  is  the  same  as  that  of  the  single  depression-plug.  The 
average  of  the  depression,  indicated  by  readings  taken  on  both  rods 
of  the  double  plug,  was  taken  as  the  average  depression  at  the  middle 
of  the  width  of  a  tie. 

12. — The  Pressure-Capsule,  and  Us  Z^se  in  the  Measurement  of 
Pressure  in  Ballast. — For  measuring  the  pressure  transmitted  to 
various  parts  of  the  ballast,  the  pressure-capsule  shown  by  Fig.  15  was 
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Fig.   14. 

used.  The  elastic  deflection  of  a  thin  steel  diaphragm  is  used  to 
measure  the  pressure  applied  to  the  capsule.  The  pressure  to  be 
measured  is  received  on  the  bearing  plate,  P,  which  has  an  area  of 
5  sq.  in.;  the  pressure  rs  transmitted  to  the  thin  steel  diaphragm,  D, 
which  is  fastened  by  screws  around  its  circumference  to  the  cast-iron 
case,  B.  The  screw,  8,  which  fastens  the  plate,  P,  to  the  diaphragm, 
D,  is  hardened,  and  bears  on  one  knife-edge  of  the  small  bell-crank 
lever,  L,  which  is  pivoted  at  Q.  The  vertical  deflection  of  the  center 
of  the  diaphragm  is  transmitted  by  the  bell-crank  lever  (magnifled 
about  three  times)  in  a  horizontal  direction  to  the  rod,  R,  which  slides 
in  the  guides,  NN',  and  is  enclosed  in  a  horizontal  tube,  jS',  and  finally 
bears   against  the  plunger,   T,  of  an  indicating  dial  micrometer,   the 
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movement  of  which  is  thus  a  measure  of  the  elastic  deflection  of  the 
diaphragm,  D.  If  the  material  of  the  diaphragm  is  not  stressed  beyond 
its  elastic  limit,  the  deflection  of  the  diaphragm,  and  the  consequent 
movement  of  the  pointer  of  the  dial  micrometer,  may  be  used 
to  measure  the  load  on  the  plate,  P.  Each  pressure-capsule  was 
calibrated  by  placing  it  on  a  platform  scale  and,  with  a  screw  clamp, 
applying  a  series  of  loads  covering  the  range  of  its  use.  The  instru- 
ment was  recalibrated  after  use.  The  dial  of  the  micrometer  was 
arranged  so  as  to  be  adjusted  to  read  zero  at  zero  load.  This  does 
away  with  the  need  of  applying  a  correction  for  zero  reading. 


Fig.   15. 


POSITION  OF 
PRESSURE  CAPSULES 
N  BALLAST. 
M 


M      M 


The  thin  elastic  diaphragm  is  made  of  hardened  steel.  The  bear- 
ing plate  served  to  take  a  load  of  any  distribution  or  concentration 
on  it,  and  to  apply  this  load  as  a  concentrated  load  at  the  center  of  the 
diaphragm. 

This  form  of  pressure-capsule  was  adopted  after  trying  various 
other  devices.  In  one  instrument  tried,  a  capsule  was  filled  with  water, 
and  the  deflection  of  the  cover  was  measured  by  the  quantity  of  water 
forced  into  a  small  tube  connected  with  the  capsule.     This  instrument 
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proved  to  be  inaccurate  under  varying  temperatures.  In  another 
form,  the  deflection  of  the  cover  of  the  capsule  acted  on  the  ends  of  a 
slightly  bent  spring,  and  the  lateral  motion  of  the  spring  was  measured. 
This  form  was  less  sensitive  than  that  shown  by  Fig.  15.  Attempts 
were  made  to  measure  pressures  by  the  varying  electrical  conductivity 
produced  in  various  substances  by  variations  in  pressure,  but  this  did 
not  give  satisfactory  results. 

The  position  of  the  pressure-capsules  as  placed  in  the  ballast  is 
shown  by  Fig.  IG.  At  the  spot  where  it  is  desired  to  measure  the 
pressure,  a  capsule  is  placed,  with  the  surface  of  the  bearing  plate,  P, 
perpendicular  to  the  direction  of  the  pressure  to  be  measured.  Above 
the  bearing  plate  is  spread  a  cushion  of  fine  material  to  guard  against 
undue  concentration  of  pressure  from  large  pieces  of  ballast.  The 
horizontal  tube,  K,  with  its  enclosed  rod,  extends  outside  the  ballast, 
and  at  its  end  carries  the  dial  micrometer,  M.  The  total  pressure 
carried  by  the  bearing  plate,  P,  when  load  is  applied  to  the  track, 
is  indicated  by  the  reading  of  the  micrometer  dial,  and  the  intensity 

25  to  50  Tons  Rails 


loading  apparatus  for  one  axle  and  two-axle  loads 
Pig.  17. 
of  pressure  for  that  spot  in  the  ballast  is  found  by  dividing  the  total 
load  on  the  pressure-capsule  by  the  area  of  the  bearing  plate,  P.  Sand 
and  dirt  are  prevented  from  coming  between  the  bearing  plate,  P, 
and  the  diaphragm  of  the  instrument  by  friction  tape  wrapped  around 
the  case  of  the  pressure-capsule. 

IS. — Indicating  Jacks,  and  Their  Use  in  Applying  One-Axle  and 
Two-Axle  Loads. — For  applying  loads  equivalent  to  a  one-axle  or  a 
two-axle  load,  a  flatcar  loaded  with  from  25  to  50  tons  of  rails  was 
used  in  connection  with  special  load-indicating  screw-jacks.  As  shown 
in  Fig.  17,  the  rails  on  the  car  were  supported  on  H -beams  placed 
crosswise  of  the  car.  Against  the  bottom  of  these  H-beams  the  upper 
ends  of  the  indicating  screw-jacks  bore.  The  lower  ends  of  the  screw- 
jacks  bore  against  the  rails  through  curved  bearing  blocks  having  a 
radius  approximating  that  of  an  ordinary  car  wheel,  but  not  coned. 
On  Fig.  17  the  location  of  the  indicating  screw-jacks  is  shown  in  solid 
lines  for  the  two-axle,  and  in  broken  lines  for  the  one-axle,  loading. 

The  construction  of  the  load-indicating  screw-jacks  is  shown  in 
detail  on  Fig.  18.  The  load  is  applied  by  turning  the  capstan  nut,  N, 
on  the  screw,  S,  and  the  load  is  measured  by  the  inclination  given  to 
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the  ends  of  the  flat  nickel-steel  spring,  P.  As  this  spring  deflects  under 
load,  the  ends  are  inclined,  and  with  them  the  uprights,  U ,  V.  The 
distance  between  the  tops  of  the  uprights  is  lessened,  and  the  length 
of  the  motion  is  indicated  by  the  dial  micrometer,  M.  The  load-indi- 
cating screw-jacks  were  calibrated  in  the  laboratory  by  loading  them 
with  known  loads  in  a  testing  machine.  Stresses  and  depressions  were 
generally  measured  for  one  rail  only,  but,  in  order  to  have  both  rails 
symmetrically  loaded,  it  was  necessary  to  use  load-indicating  jacks  on 


Capstan  Nut 


DETAILS  OF  LOAD-INDICATING  JACK 
Fig.  is. 

both  rails.     Fig.  12,  from  a  photograi)h,  shows  the  jacks  in  place  under 
the  car  of  rails  ready  for  the  application  of  a  one-axle  load. 

IJi. — The  S t rem mato graph,  and  its  Use  in  Measuring  Rail  Strains. — 
In  order  to  measure  the  strains  in  rails  under  moving  locomotive  loads, 
it  is  necessary  to  use  recording  instruments,  as  the  motion  of  an  indi- 
cating pointer  would  be  too  rapid  to  be  followed  accurately  by  the  eye. 
Recording  instruments  for  track  tests  under  rapidly  moving  loads  must 
withstand  severe  vibration,  must  be  used  in  places  exposed  to  dust 
and  dirt,  and  must  permit  a  large  number  of  readings  to  be  taken. 
It  is  evident  that  some  simple  form  of  recording  device  is  essential, 
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one  with  few  parts,  one  which  may  be  quickly  attached  in  position, 
and  one  giving  a  record  which  may  be  read  quickly  and  accurately. 

Various  types  of  recording  instruments  were  considered  before 
deciding  on  the  one  to  be  used.  Instruments  with  multiplying  levers 
were  regarded  as  unsuitable;  experience  with  recording  instruments 
has  shown  that  uncertain  effects  are  introduced  by  the  inertia  of 
moving  parts,  if  the  load  is  applied  rapidly.  Instruments  involving 
the  use  of  a  ray  of  light  reflected  from  a  mirror  to  a  sensitized  photo- 
graphic film  were  considered.  This  type  gives  the  highest  degree  of 
sensitiveness  of  any  considered,  but  its  use  would  involve  rather  cum- 
bersome arrangements  of  light-proof  tubes  leading  from  the  mirror 
to  the  film;  a  special  source  of  light  would  be  necessary,  and  much 
time  would  be  required  to  develop  the  films.  A  very  ingenious  mirror- 
type  extensometer  was  designed  and  constructed  by  Mr.  W.  M.  Dawley, 
and  this  instrument  may  be  of  great  service  in  case  very  delicate 
measurements  of  strains  are  found  to  be  necessary  in  the  development 
of  further  tests.  In  general,  however,  for  track  tests,  the  use  of 
mirror-type  instruments  with  photographic  records  would  consume  too 
much  time,  and  they  would  be  too  likely  to  get  out  of  adjustment  under 
field  conditions. 

For  general  use  in  measuring  rail  strains,  it  was  decided  to  use  an 
instrument  involving  the  general  principle  utilized  in  the  stremmato- 
graph  developed  by  Dr.  P.  H.  Dudley.  In  Dr.  Dudley's  instrument*, 
a  sharp  steel  point  draws  a  diagram  on  a  flat  plate  of  polished  phosphor- 
bronze,  j^o  mechanical  multiplying  device  is  used,  and  the  motion 
of  the  recording  point  across  the  bronze  plate  (ordinates  of  the  dia- 
gram) is  equal  to  the  strain  in  the  rail  between  gauge  points.  The 
latter  were  placed  on  the  under  side  of  the  base  of  the  rail,  near  the 
outer  edge;  measurements  were  not  made  along  the  inner  edge.  The 
bronze  plate  is  given  a  rectilinear  motion  at  right  angles  to  the  motion 
of  the  recording  point  by  a  screw  drive.  The  record  graven  on  the 
bronze  plate  is  examined  under  a  high-power  microscope,  and  the  strain 
at  any  desired  point  on  the  record,  given  by  the  height  of  the  diagram, 
is  measured  with  a  filar  micrometer  eye-piece. 

The  instrument  used  by  the  Committee  differs  in  several  important 
details  from  the  stremmatograph  described  above.  When  the  record 
is  made  on  a  bronze  plate,  the  scribing  needle  must  be  re-ground  after 
taking  a  few  records.  This  re-grinding  was  a  slow  process,  requiring 
a  high  degree  of  skill.  After  experimenting  with  various  methods,  it 
was  decided  to  make  the  records  of  strain  on  a  glass  disk  very  lightly 

'*  The  following  articles  by  Dr.  P.  H.  Dudley  give  some  results  of  tests  made  with 
his  stremmatograph  : 

"Stresses  in  Rails  under  Moving  Loads",  Railroad  Gazette,  May  20th,  1S98. 

"Stresses  in. Railway  Track  under  Moying  Trains",  Engineerinp  Nevjs,  Oct.  6th,  1898. 
,,.   "Stresses  in  Rails  under  Moving  Loads",  Railroad  Gazette,  Oct.  2l¥t.  1898. 
'  "Rail  Stresses — Tests  of  Unit  Fiber  Strains",  Enginepriur]  News,  Nov.  14th,  1901. 

"Stremmatograph  Tests,  etc.",  Bn.lletin,  Int.  Railway  Congress,  June,  1904. 
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smoked.  It  was  found  that  a  steel  needle  sweeps  a  smooth-edged, 
sharply-defined  path  through  the  very  fine  particles  of  lampblack 
which  coat  the  disk,  and  that  the  width  of  such  a  path  is  very  uniform. 

After  experimenting  with  various  kinds  of  needles,  it  was  found 
that  a  steel  phonograph  needle  was  suitable  for  making  stremmato- 
graph  records  on  smoked  glass,  and  they  were  inexpensive  and  could 
be  readily  obtained.  Phonograph  needles  as  purchased  were  found 
to  be  too  hard  and  brittle,  and,  before  being  used,  the  temper  was 
drawn  slightly  by  heating  them  in  oil  at  a  temperature  of  536°  Fahr. 
(280°  cent.)  for  30  sec.  and  then  quenching  in  water. 

In  order  to  give  length  to  the  record  the  disk  was  given  a  rotary 
motion,  instead  of  the  rectilinear  motion  used  by  Dr.  Dudley,  and  a 
circular  diagram  was  drawn,  rather  than  a  straight-line  diagram. 
Freedom  from  play  in  bearings  is  of  the  very  highest  importance  for 
securing  accuracy  in  such  an  instrument.  Bearings  for  circular 
motion  can  be  made  free  from  perceptible  play  more  easily  than  can 
those  for  straight-line  motion.  The  plane  of  the  record  disk  is  vertical. 
The  most  serious  vibration  of  the  rail  is  the  up  and  down  motion; 
this  has  the  least  dulling  effect  on  the  needles,  and  causes  the  least 
variation  in  the  width  of  the  line,  if  the  plane  of  the  record  disk  is 
vertical. 

For  smoking  the  glass  disks  used  in  the  stremmatograph  and  other 
recording  instruments,  gasoline  was  used.  Of  all  the  various  coatings 
tried,  it  was  found  that  the  smoke  from  burning  gasoline  gave  one 
on  which  the  needle  scratches  left  the  sharpest,  clear-cut  lines.  In 
smoking  the  disks,  they  were  held  in  a  special  device  and  passed  back 
and  forth  through  the  smoke.  The  gasoline  was  burned  in  a  small 
open  cup  holding  about  2  oz. 

As  the  tests  progressed,  various  details  of  the  stremmatograph 
were  altered.  The  latest  form  of  this  instrument  is  shown  by  Fig.  19. 
Two  clamps,  A  and  B,  are  attached  to  the  base  of  the  rail,  4  in.  apart, 
and  between  them  extend  two  needle-bars,  NN.  One  end  of  each 
needle-bar  is  in  the  shape  of  a  spherical  head  with  a  slender  stem ;  the 
other  end  is  clamped  by  a  set-screw  to  the  clamp,  A  (called  the  anchor 
clamp) ;  and  the  spherical  end  of  each  needle-bar  is  free  to  slide  in  a 
brass  sleeve  in  the  clamp,  B  (called  the  record  clamp).  Any  point  on 
the  needle-bar  will  move  with  respect  to  any  point  on  the  record  clamp, 
B,  a  distance  equal  to  the  stretch  or  the  shortening  of  the  rail  along 
the  line  of  the  needle-bar.  With  the  instrument  shown,  records  are 
obtained  for  strains  along  both  the  inner  and  outer  edges  of  the  base 
of  the  rail. 

In  the  first  design,  measurements  of  strain  were  made  on  only  one 
side  of  the  rail,  but,  when  it  was  found  that  there  was  an  appreciable 
difference  between  the  stresses  on  the  two  sides  of  the  rail,  the  design 
was  altered"  so  as  to  include  measurements  on  the  two  sides. 
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Each  of  the  clamps,  A  and  B,  is  fastened  to  the  base  of  the  rail 
by  one  set-screw  and  one  fixed,  hardened-steel  point.  The  clamps 
are  prevented  from  pivoting  or  rotating  about  the  clamping  points 
by  the  steadying  screws  8^,  S^,  S^,  and  S^,  which  bear  against  the 
bottom  of  the  rail.  The  brass  sleeves  in  the  clamps  are  placed  so  that 
the  center  lines  of  the  needle-bars  come  directly  under  the  inner  and 
outer  edges  of  the  base  of  the  rail.  The  fit  of  the  sliding  end  of  a 
needle-bar  in  its  guide-sleeve  must  be  made  with  care.  Each  needle- 
bar  is  fitted  with  a  brass  clamp  plate,  F,  which  holds  a  hardened  phon- 
ograph needle,  L,  and  this  bears  against  the  smoked-glass  record  disk,  D. 
It  is  necessary  that  the  needle-bars  shall  be  rigid  in  a  vertical  plane, 
and  that  they  shall  have  considerable  "spring"  in  a  horizontal  plane, 
so  that  an  even  pressure  of  the  needle-point  against  the  record  disk 
may  be  maintained.  This  combination  is  effected  by  making  a  part 
of  each  needle-bar  a  thin  flat  spring  with  the  width  vertical.  To  pre- 
vent turning,  the  sliding  end  of  each  needle-bar  is  held  by  a  pin,  X, 
which  slides  in  a  guide-slot,   IF. 


EARLY   TYPE  OF   NEEDLE-BAR   FOR   STREMMATOGRAPH 
Fig.  20. 

In  the  development  of  the  stremmatograph,  various  types  of  needle- 
bars  were  tried.  First  a  bar  without  any  spring  was  tried,  but  did 
not  give  satisfactory  records.  Next,  the  type  shown  by  Fig.  20  was 
used.  This  was  fitted  with  two  springs,  and  gave  better  records  than 
the  stiff  bar,  but,  at  high  speeds,  it  "chattered"  and  caused  the  needle 
to  cut  into  the  glass  record  disk.  It  was  found  later  that  this  type 
of  bar  had  an  appreciable  "lag",  due  to  excessive  flexibility  in  a  hori- 
zontal plane;  the  result  of  this  is  that  the  results  obtained  are  some- 
what small.  Practically  all  the  records  of  1915  were  obtained  with 
instruments  fitted  with  bars  of  this  second  type.  The  change  to  the 
later  type  accounts  for  the  improvement  in  the  consistency  of  the 
results  of  the  tests  of  1916  over  those  of  1915.  The  tests  of  1916  and 
all  subsequent  ones  were  made  with  instruments  fitted  with  the  form 
of  needle-bar  shown  by  Fig.  19. 

Each  of  the  smoked-glass  record  disks  on  which  the  records  of 
strain  are  taken,  is  clamped  against  a  face-plate,  C,  with  a  screw- 
cap  K  (Fig.  19).  Between  the  record  disk  and  the  face-plate  is 
placed  a  circular  piece  of  sheet-rubber,  R.  Each  face-plate  is  driven 
by  a  shaft,  T,  which  rotates  in  double  bearings.  G,  and  is  itself  driven 
by  a  sprocket  and  chain  from  a  drive-shaft,  H,  below  the  instrument. 


Pio.   21. — Strkmmatooraph  in  Position  on   Rail. 


Fig.   22-. — Photomicrograph  of  Stkemmatogeaph  Record. 
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This  drive-shaft  turns  in  eccentric  bearings  which  permit  adjustment 
of  the  chain  tension,  and  is  driven,  through  a  flexible-spring  coupling 
(shown  at  A,  Fig.  21),  by  a  long  shaft  which  extends  to  one  side  of 
the  track. 

It  is  of  highest  importance  that  all  play  be  taken  up  in  the  bearings 
of  the  drive-shaft,  T,  aB  any  radial  play  is  recorded  as  strain  on  the 
smoked-glass  disk.  The  double  bearings,  G,  were  ground  to  fit  the 
shaft,  T,  and  the  split  bearings  were  fitted  with  tightening  screws,  J, 
for  taking  up  wear.  In  order  to  eliminate  all  play,  the  beatings  were 
tightened  on  the  shaft  so  that  the  latter  drove  with  considerable  fric- 
tion.    Washers  and  collars  were  used  to  prevent  axial  play. 

For  convenience  in  changing  disks  or  needles,  the  bearings,  G, 
for  the  disk-shaft,  T,  were  attached  to  the  clamp,  B,  with  a  tapered 
pin,  Q,  which  served  as  a  pivot  around  which  the  bearings,  disk- 
shaft,  face-plate,  and  disk  could  be  swung,  so  that  the  screw-cap,  K, 
could  be  unscrewed,  the  smoked-glass  disk  removed,  and  another  sub- 
stituted, or  so  that  the  needle  could  be  changed  or  adjusted.  When  in 
position  for  taking  records,  the  bearings,  shaft,  and  disk  were  clamped 
fast  by  the  clamp  screws,  U  and  V. 

Fig.  21  is  from  a  photograph  of  a  stremmatograph  in  position  on  a 
rail.  That  part  of  the  instrument  behind  the  rail  is  shown  by  making 
a  double  exposure  of  the  photographic  plate  used  in  taking  the  pic- 
ture. Fig.  22  is  from  photo-micrographs  of  typical  stremmatograph 
records.  The  zero  line  was  obtained  by  giving  the  record  disk  one 
complete  revolution  with  no  load  on  the  track.  The  height  of  the 
strain  diagram  is  measured  from  this  zero  line. 

As  the  records  of  strain  were  obtained  for  both  edges  of  the  base 
of  the  rail,  it  was  necessary  to  make  the  clamps  fit  the  particular  size 
of  rail  on  which  the  stremmatograph  was  to  be  used.  Except  for  the 
clamps,  the  details  of  the  instruments  are  the  same  for  all  sizes  of  rail. 

Instruments  were  made  covering  56-lb.,  75-lb.,  85-lb.,  and  100-lb., 
Am.  Soc.  C.  E.  sections,  the  125-lb.  Pennsylvania  Railroad  section, 
and  the  136-lb.  Lehigh  Yalley  Railroad  section.  Fig.  19  shows  the 
instrument  used  for  the  85-lb.  Am.  Soc.  C.  E.  rail.  Usually,  for  any 
test,  four  instruments  were  used  at  one  time. 

15. — The  Recording  Pressure-Capsule. — For  recording  pressures 
under  moving  load  at  various  points  in  the  ballast,  recording  pressure- 
capsules  were  used.  These  differed  from  the  pressure-capsules  used  for 
static  tests  only  in  the  substitution  of  recording  devices  for  the  dial 
micrometers  used  with  the  pressure-capsules  for  static  loads,  which  are 
shown  by  Fig.  15.  Fig.  23  shows  the  recording  device  for  the  instrument 
for  tests  with  moving  loads.  In  the  end  of  the  horizontal  tube  which 
extends  sidewise  from  the  pressure-capsule  is  fastened  a  bearing  plug, 
P,  in  which  slides  a  plunger,  L,  which  is  normally  held  in  its  innermost 
position  by  a  spring,  S.    At  the  outer  end  of  the  plunger,  L,  is  fastened 
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a  flat  spring,  R,  with  its  width  vertical,  and  at  the  outer  end  of  this 
flat  spring  is  a  needle-chuck,  C,  in  which  a  needle  is  held  by  a  set-screw. 
A  block,  B,  is  clamped  on  the  outer  end  of  the  horizontal  pipe 
extending  from  the  pressure-capsule.  To  this  block  is  fastened,  by  a 
taper  pin,  T,  and  clamping  screws,  K  K'  a  double  bearing,  G,  in 
which  turns  a  shaft.  A,  to  which  is  attached  a  face-plate,  F,  on  which 
a  smoked-glass  disk,  D,  is  clamped  by  the  screw-cap,  E.  The  bearing, 
the  face-plate,  the  disk,  and  the  screw-cap  are  the  same  as  the  corre- 
sponding pieces  used  with  the  stremmatograph.  For  the  recording 
pressure-capsule,  the  disk  shaft.  A,  is  driven  by  a  round  belt  operat- 
ing the  grooved  pulley,  Y.  The  deflection  of  the  diaphragm  of  the 
pressure-capsule  causes  a   motion  of  the  plunger,  L,  which,   in  turn. 


RECORDING  DEVICE  FOR  PRESSURE  CAPSULE 
Fig.  23. 
causes  motion  of  the  needle.  The  motion  of  the  needle  draws  the 
diagram  as  the  smoked-glass  disk,  D,  is  turned  and  the  moving  load 
passes  the  instrument.  The  radial  ordinates  of  this  diagram,  meas- 
ured from  a  base  circle  for  zero  load,  are  proportional  to  the  deflection 
of  the  diaphragm  of  the  pressure-capsule,  and  hence  are  a  measure  of 
the  pressures  at  the  point  in  the  ballast  where  the  capsule  is  placed. 
The  measurement  of  the  radial  ordinates  of  pressure-capsule  records 
is  made  with  a  microscope  fitted  with  a  micrometer  eye-piece. 

When  the  pressure-capsule  was  being  designed,  little  attempt  was 
made  to  work  out  the  details  of  an  instrument  which  would  operate 
satisfactorily  under  moving  loads,  as  only  static-load  tests  were  being 
made.  Later,  the  recording  device  was  designed  for  use  with  the 
pressure-capsules  imder  moving  loads,  and  a  number  of  tests  were  run. 
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It  is  thought,  however,  that,  due  to  the  inertia  of  parts  in  the  instru- 
ments, measurements  of  pressures  under  moving  loads  at  speed  will 
be  inaccurate  and  unreliable,  especially  at  high  speeds. 

16. — Bnve  Rig  for  Moving-Load  Tests. — The  drive  apparatus  for 
turning  the  disks  of  the  recording  instruments  in  the  moving-load 
tests  is  shown  at  one  side  of  the  track  in  Fig.  25.  The  main  drive- 
shaft  is  driven  by  hand,  through  a  crank  and  worm  reducing  gear, 
and  this,  in  turn,  drives  small  shafts  which  are  connected  with  the 
several  stremmatographs.  Although  the  attempt  was  made  to  have 
the  speed  of  rotation  of  the  drive  about  proportional  to  the  speed  of  the 
locomotive,  this  was  not  considered  a  very  important  matter.  As  long 
as  the  drive  was  fast  enough  to  separate  the  portions  of  the  curve  cor- 
responding to  the  passage  of  successive  wheels,  no  trouble  was  encoun- 
tered in  reading  the  various  strains  from  the  curves,  nor  was  it  neces- 
sary to  have  a  raeans  for  establishing  the  position  of  the  locomotive 
with  respect  to  the  location  of  the  instrument,  other  than  that  given 
by  the  records  themselves.  As  can  be  seen,  from  Fig.  22,  the  recorda 
show  definite  maximum  values  in  the  curves  corresponding  to  the 
passage  over  the  instruments  of  various  wheels  of  a  locomotive.  It  is 
obvious  that  such  a  maximum  value  can  only  occur  when  a  wheel  is 
over  the  instrument,  so  that  it  is  unnecessary  to  have  other  means  for 
determining  the  position  of  the  locomotive. 

17. — Measurement  of  Deflection  of  Kail  with  a  Camera. — In  moving- 
load  tests,  the  deflection  of  various  points  of  the  rail  was  measured  by 
using  a  double-exposure  photograph.  At  intervals  there  were  glued 
along  the  outside  of  the  rail  small  pieces  of  black  paper  with  small 
white  crosses  on  them.  A  Speed  Graphic  camera  for  5  by  7-in.  plates 
was  set  up  at  a  distance  of  about  10  ft.  from  the  rail,  as  shown  by 
Fig.  25.  At  this  distance  the  vibration  of  the  camera  was  found  to  be 
small,  and  it  did  not  affect  the  results  of  the  measurement  materially, 
except  at  high  speeds.  The  camera  was  fitted  with  an  anastigmat  lens 
having  a  speed  of  F  4.5  and  a  focal-plane  shutter  giving  a  minimum 
length  of  exposure  of  0.001  sec.  For  any  given  observation,  a  photo- 
graph was  made  of  the  unloaded  rail  with  its  attached  white  crosses. 
Then,  without  moving  the  camera  or  changing  the  plate,  the  camera 
shutter  was  set  for  the  next  exposure.  The  camera  shutter  was  fitted 
with  an  electro-magnet  release,  and  the  wires  from  the  magnet  led 
throiigh  a  battery  to  a  contact  piece  attached  to  the  rail.  As  the  loco- 
motive ran  on  the  test  section  of  track  the  front  truck,  as  it  passed 
over  the  contact  piece,  closed  the  circuit  through  the  electro-magnet, 
and  a  second  photograph  of  the  rail,  with  its  attached  white  crosses, 
was  made  on  the  plate  in  the  camera.  On  the  plate,  when  developed, 
each  small  white  cross  shows  as  a  vertical  line  crossed  by  two  hori- 
zontal lines,  and  the  distance  betwe,en  the.jhgrizonjtal.  li]j^^s,,is  proper;. 
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tional  to  the  depression  of  the  rail.  This  distance  was  measured  with 
a  microscope  having  a  micrometer  eye-piece,  and.  multiplication  by  a 
factor  gave  the  rail  depression.  .^■.'.[•viin, 

With  one  camera  the  depression  of  the  rail  may  be  measured  for  a 
length  of  about  10  ft.  Generally,  two  cameras  were  used,  both  oper- 
ated at  the  same  time  by  the  magnetic  release.  In  examining  the 
developed  photographic  plates  with  a  microscope,  the  maximum  magni- 
fication used  was  about  75  times.  Under  higher  magnification,  the 
silver  grains  on  the  sensitized  surface  of  the  plate  showed  as  small 
particles  to  such  an  extent  that  the  edges  of  the  lines  of  which  the 
distance  apart  was  to  be  measured  were  blurred.  With  the  camera  10 
ft.  from  the  track,  and  a  magnification  of  75  in  the  measuring  micro- 
scope, the  deflection  of  the  rail  can  be  determined  with  a  precision 
of  about  0.01  in. 

For  this  photographic  measurement,  Cramer  Crown,  single-coated, 
photographic  plates  were  used.  These  plates  were  found  to  combine 
high  sensitiveness  to  light  with  fine  grain  of  silver.  Fig.  24  is  from  a 
print  of  a  double-exposed  plate  for  depression  measurement. 

18. — Measurement  of  Speed  of  Locomotive. — For  measuring  the 
speed  of  the  locomotive  as  it  passed  the  test  section  of  track,  an  auto- 
mobile speedometer  of  the  revolving-magnet  type  was  used.  The 
speedometer  was  driven,  through  a  flexible  shaft,  by  a  leather-faced 
friction  wheel  which  ran  on  the  tread  of  a  wheel  of  the  locomotive, 
generally  the  trailer.  The  speedometer  was  placed  so  that  its  dial  was 
visible  to  the  engineman  and  to  an  observer  stationed  in  the  cab. 
The  accuracy  of  the  speedometer  was  checked  at  various  speeds  by 
noting  its  reading  while  the  locomotive  was  run  at  various  uniform 
rates  of  speed  over  a  stretch  of  track,  the  time  being  measured  by  a 
stop-watch.  The  friction- drive  wheel  of  the  speedometer  was  pivoted, 
so  that  it  could  be  swung  back  out  of  contact  with  the  wheel  when  the 
locomotive  was  run  backward.  When  in  operating  position,  the  fric- 
tion-drive wheel  was  held  against  the  wheel  by  a  spring. 

19. — Manufacture  of  Instruments. — The  strain  gauge,  the  cameras 
for  recording  depression  of  track,  the  microscopes  for  reading  records 
from  recording  instruments,  and  the  speedometer,  were  purchased. 
The  load-indicating  jacks  and  the  depression  plugs  were  made  by  local 
firms  from  designs  furnished.  All  other  instruments  were  made  in  the 
shop  of  the  Laboratory  of  Applied  Mechanics  of  the  University  of 
Ulinois  by  the  mechanician  employed  on  the  test  work.  In  all,  there 
were  manufactured  14  stremmatographs,  2  level-bars,  73  pressure- 
capsules,  and  various  special  appliances  and  connecting  parts  for 
apparatus.  It  should  be  stated  that,  after  the  instruments  had  been 
first  made,  it  was  necessary  for  the  mechanician  to  spend  considerable 
time  in  maintaining  the  instruments  and  in  making  such  modifications 
as  were  found  to  promise  better  results. 


Fig.   24. — Double-Exposure   Photograph,   as   Used   in   Measuring  Track 

Depression. 


-^ 


Fig.  25. — Test  Section  on  Illinois  Central  Railroad. 
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B. — Preparation  of  Test  Track,  and  Procedure  of  Tests. 

20. — Test  Sections  on  Illinois  Central  Railroad. — The  track  of  the 
Illinois  Central  Railroad  used  in  the  test  work  is  on  the  double-track 
main  line,  about  2  miles  north  of  Champaign,  111.  At  this  location 
all  freight  trains  are  diverted  from  the  main-line  tracks,  and  run 
through  the  yards  over  special  freight  tracks,  only  passenger  trains 
being  run  over  the  main  line.  For  test  purposes,  therefore,  these  tracks 
are  comparatively  free  from  traffic  disturbances. 

The  stretch  of  track  used  is  on  an  embankment,  from  4  to  8  ft. 
high,  composed  of  loam  and  clay.  A  single-track  road  was  built  in 
1854,  and  the  second  track  was  added  in  1900.  Age  has  given  com- 
pactness to  the  embankment,  and  it  was  in  dry  condition  throughout 
the  tests. 

The  ballast  at  this  place  consists  of  crushed  limestone;  it  usually 
has  an  average  depth  under  the  ties  of  about  12  in.  The  rails  are  Am. 
Soc.  C.  E.  section,  85  lb.  per  yd.  The  rails  on  the  south-bound  track 
are  33  ft.  long,  and  were  laid  in  1902 ;  those  on  the  north-bound  track 
are  30  ft.  long,  and  were  laid  in  1900. 


North  Bound 

Fr 

eight  Leads 

Cinder  Ballast 

y 

^            ^ 

South  Boiind 

HI  i  J     k^    K  L     >''orth  Bound 


_^i    -a^. 


Stone  gallant 


i"  DC  '°  B     A  South  Bound 

RELATIVE   LOCATION    OF  TEST   SECTIONS 
ON   ILLINOIS    CENTRAL  RAILROAD 
Fig.  26. 

To  provide  uniform  known  conditions  of  track  for  the  tests,  four 
stretches  were  specially  prepared.  For  these  test  sections  special  oak 
ties  replaced  the  original  ties.  Four  such  sections  were  prepared  within 
a  short  distance  of  each  other.  On  one  section  the  ballast  had  a 
depth  of  6  in.  below  the  ties;  on  another,  24  in.;  and  on  two  others, 
12  in.  On  one  of  the  last-named  sections  the  ties  were  7  by  9  in.  by 
8  ft.;  on  all  others  they  were  6  by  8  in.  by  8  ft.  In  locating  the  test 
sections,  depths  of  ballast  closely  approximating  those  desired  were 
found,  and  the  track  was  raised  to  make  the  proper  depth.  The  spe- 
cial ties  had  been  prepared  accurately  to  size,  and  were  of  uniform 
quality.  When  first  prepared,  these  special  test  sections  were  laid 
with  the  85-lb.  rail  which  had  been  in  the  track  originally.  Later,  when 
it  was  desired  to  use  heavier  rails  in  the  tests,  these  were  removed  and 
replaced  by  the  heavier  ones  the  sections  of  which  are  shown  on  Fig. 
107.  The  sections  used  were  chosen  because  they  were  readily  available, 
and  give  considerable  range  in  weight.  The  relative  location  of  the 
various  test  sections  is  shown  in  Fig.  2G.     The  size  of  rails  used  is 
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given  in  Table  1.  The  100-lb.  rails  were  placed  on  Section  K,  which 
has  24  in.  of  ballast  and  6  by  8-in.  by  8-ft.  ties.  The  125-lb.  rails  were 
placed  on  Sections  B  and  K,  which  have  12  and  24  in.  of  ballast, 
respectively,  and  6  by  S-in.  by  8-ft.  ties. 

TABLE  1. — Description  of  Test  Sections  on  Illinois  Central 

Railroad. 


Rail. 

Ties. 

Ballast. 

R'.-mai'ks. 

A 

85  1b. 

Sp'l.  7  by  9  in.  by  8  ft.  0  in. 

12-in.  stone. 

Special  section. 

B 

85  and  125-lb. 

Sp'l.  6  bv  8  in.  bv  8  ft.  0  in. 

12-in.     '• 

do. 

V 

85-Ib. 

Sp'l.  6bv  8  in.  bv  8  ft.  0  in. 

6iD.      " 

do. 

JJ 

do. 

About  6  by  8  in.  bv  8  ft.  0  in. 

About  j3-in.  stone. 

Ordinary  track. 

E 

do. 

do.     ■ 

do 

Decayed  tie. 

F 

do- 

do. 

do. 

do.        -.,) 

G 

do. 

do. 

do. 

do.       '-  ■ 

H 

do. 

do. 

do. 

Tie-plates  used. 

1 

do. 

do. 

do. 

Decayed  tie. 

J 

do. 

do. 

About  24-in.  stone. 

Ordinary  track. 

K 

85,  100  and  125-lb. 

Sp'l.  e  by  8  in.  by  8  ft.  0  in. 

24-in.  stone. 

Special  section. 

L 

85-Ib. 

About  6  by  8  in.  by  8  ft.  0  in. 

About  l5-in.  stone. 

Decayed  tie. 

M 

do. 

do. 

8-in.     " 

Low  spot. 

M 

do. 

do. 

6-in.  cinder. 

Freight  lead. 

In  order  to  check  up  the  results  of  the  tests  on  these  special 
sections,  and  also  to  find  out  what  stresses  may  be  expected  under 
some  other  conditions  of  the  track,  tests  were  also  run  on  adjacent 
sections  which  had  not  been  specially  prepared.  The  ties  here  are 
mostly  oak,  but  replacements  are  being  made  with  creosoted  pine  with 
tie-plates.  The  relation  of  the  location  of  these  sections  to  the  special 
test  sections  will  be  seen  from  Fig.  26.  Sections  D  and  J  were  chosen 
as  being  representative  track,  in  ordinarily  good  condition,  and  having 
the  usual  ties  and  tie  spacing.  Sections  E,  F,  G,  I,  and  L  were 
chosen  as  showing  the  results  of  a  decayed  or  badly  cut  tie.  Section  M 
was  at  a  low  spot  in  the  track.  Sections  D,  E,  F,  and  G  were  used  for 
static  tests  with  the  loading  apparatus,  and  Sections  B,  J,  I,  L,  and  M 
were  used  for  tests  with  moving  loads.  Section  H,  having  tie-plates, 
was  used  for  static  tests.  Section  N,  on  the  freight  lead,  having  the 
ordinary  run  of  ties  and  cinder  ballast,  was  used  for  tests  with  moving 
loads.  All  this  track  was  laid  with  85-lb.  rail.  The  depths  of  ballast 
were  as  indicated  in  Table  1. 

21. — Preparation  of  the  Test  Sections. — In  placing  the  ties  used  for 
the  special  test  sections,  the  old  ties  were  removed  and  the  new  ones 
put  in  without  disturbing  the  ballast  below  the  bottoms  of  the  ties. 
This  was  done  by  the  regular  section  men  of  the  Illinois  Central  Rail- 
road. For  each  test  section,  the  depth  of  ballast  was  determined  by 
excavating  to  sub-grade,  near  the  ends  of  the  ties  on  each  side  of  the 
track  at  two  points  in  each  rail  length.     The  track  was  raised  suffi- 
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ciently  to  give  the  required  depth  of  ballast  under  the  ties,  and  in  no 
case  was  it  necessary  to  raise  the  track  more  than  2  in. 

At  the  north  rail  length  of  each  test  section,  the  ties  were  spaced 
22  in.  from  center  to  center.  The  purpose  of  this  was  to  get  three  tie 
spaces  for  a  66-in.  wheel  spacing.  Under  the  other  two  rail  lengths  of 
each  section  the  ties  were  placed  as  nearly  as  possible  according  to  the 
standard  practice  of  the  Illinois  Central,  which  uses  18  ties  to  a  30-ft. 
rail  and  20  ties  to  a  33-ft.  rail  (approximately  20-in.  spacing).  These 
ties  were  placed  with  considerable  accuracy,  the  position  that  each 
was  to  occupy  being  marked  on  the  rail  for  the  guidance  of  the  sec- 
tion men. 

Whenever  the  track  had  been  in  use  long  enough  to  need  it,  it 
was  tamped  and  put  in  good  surface.  After  such  resurfacing,  tests 
were  not  run  until  sufficient  time  had  elapsed  for  traffic  to  compact 
the  ballast  which  had  been  disturbed;  generally  10  days  or  2  weel^s 
were  allowed. 
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LOCATION  OF  DEPRESSION   PLUGS 
o  Single  Depression  Plug  •— «  Double _Depre86ion  Slug 

>    »  Strain  Gauge.Line 
Fig.   2  7. 

In  preparing  the  special  test  sections,  the  depression-plugs  were  put 
in  after  the  special  ties  liad  been  placed  and  the  track  raised  to  its 
proper  level.  In  putting  in  these  plugs,  both  between  and  under 
the  ties,  the  tie  was  removed  and  the  ballast  excavated  down  to  the 
level  of  the  sub-grade.  The  depression-plugs  were  then  placed  in  the 
positions  shown  by  Figs.  27  and  28,  and  the  ballast  was -replaced.  As 
this  material  was  replaced  it  was  carefully  tamped.  In  placing  certain 
of  the  single  depression-plugs  in  the  24-in.  ballast,  a  slightly  diiferent 
method  was  used.  A  piece  of  6-in.  pipe  was  driven  with  a  sledge  until 
its  lower  end  was  at  the  bottom  of  the  ballast.  The  ballast  inside  the 
pipe  was  excavated,  the  depression-plug  was  put  in,  and  the  ballast  was 
then  replaced  and  thoroughly  tamped  as  it  was  added.  The  pipe  was 
then  pulled  up  and  used  in  placing  the  next  depression-plug.  After 
the  depression-plugs  had  been  in  place  a  few  days,  the  track  was  again 
thoroughly  tamped.  The  track  was  re-tamped  as  often  as  the  spot 
became  low,  until  the  tests  were  started.  Although  it  was  realized  that 
this  method  of  placing  the  depression-plugs  was  open  to  the  objection 
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that  it  disturbed  the  ballast,  there  was  no  way  of  placing  them  without 
doing  this.  As  no  tests  were  made  until  the  depression-plugs  had  been 
in  place  about  2  weeks,  it  is  thought  that  the  ballast  was  fairly  well 
compacted  by  that  time.  ^ 

After  the  depression-plugs  were  in  place,  the  rods  {Q,  Fig.  28)  were 
put  in  and  adjusted  for  height  so  tliat  the  level-bar  could  be  used  from 
the  rail  to  the  adjacent  plugs,  and  from  these  plugs  to  the  others.  On 
Fig.  12  the  projecting  upper  ends  of  the  tubes  and  rods  of  several 
depression-plugs  can  be  seen. 


°"'  POSITION  OF  DEPR£SSION  PLUGS 

Fig.  28. 


Roadbed 


■y^/^/////y////:. 


ARRANGEMENT  OF  APPARATUS  FOR  MEASURING  TRACK  DEPRESSION 
Fig.   29. 

22. — Preparation  of  Test  Track  for  Level-Bar  Measurements. — To 
furnish  a  fixed  reference  point  from  which  measurements  of  depres- 
sion could  be  made,  a  reference  stake,  Pv,  was  driven  80  in.  from  the 
rail  for  which  the  deflection  was  to  be  measured  (Fig.  29).  A  refer- 
ence bar,  consisting  of  a  piece  of  2  by  4-in.  lumber,  was  fastened  at 
one  end  with  a  pivoting  joint  by  a  clamp  to  the  rail,  the  other  end 
resting  on  a  knife-edge-bearing  on  the  reference  stake.  Level-bar 
measurements  were  made  from  the  reference  stake  to  the  rail,  readings 
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being'  taken  between  screws  in  the  top  of  the  reference  bar,  the  outer 
screw  being  directly  over  the  knife-edge.  From  the  point  on  the  rail 
readings  were  taken  along  the  rail  and  from  the  rail  to  the  various 
depression-plugs.  As  shown  by  Fig.  29,  readings  were  taken  from  the 
reference  stake  to  the  rail  and  then  along  the  rail.  Additional  refer- 
ence stakes  were  placed  at  sufficiently  close  intervals  to  furnish  a 
check  on  the  depression  readings. 

23. — Preparation  for  Strain-Gauge  Measurements. — For  a  static 
test,  preparations  were  made  for  the  strain-gauge  measurement  of  lon- 
gitudinal strains  in  the  rail  by  drilling  gauge  holes  at  the  ends  of  the 
gauge  line  along  which  strain  was  to  be  measured.  These  gauge  holes 
were  on  the  top  of  the  base  of  the  rail,  about  \  in.  from  its  edge,  and, 
in  the  early  tests,  on  only  one  side  of  the  rail.  These  gauge  lines  were 
placed  over  every  tie  and  between  ties  for  the  three  rail  lengths  of  each 
test  section.  Fig.  27  shows  the  typical  arrangement  of  gauge  lines 
for  a  test  section  of  track. 

It  was  found  that  the  change  in  temperature  of  the  rail  (while  in 
the  shade  when  the  load  was  in  place)  was  sufficient  to  affect  the  strain- 
gauge  measurements  appreciably.  In  order  to  determine  the  correc- 
tions to  be  applied  for  this  variation,  readings  were  taken  on  a  gauge 
line  placed  on  a  short  unstressed  piece  of  rail  kept  under  the  same 
conditions  as  the  rail  on  which  readings  were  being  taken.  In  this 
way  it  was  possible  to  make  corrections  for  temperature. 

2It. — Procedure  of  Tests;  Static-Load  Tests. — For  making  a  static- 
load  test  of  track,  the  test  party  generally  consisted  of  six  men,  there 
being  three  observers  and  three  recorders.  One  man  operated  the 
strain  gauge,  one  handled  the  level-bar  along  the  rail,  and  another 
handled  the  level-bar  on  the  depression-plugs.  Each  of  these  observers 
had  his  own  recorder. 

The  typical  procedure  of  the  static-load  tests,  when  the  loading 
apparatus  for  one-axle  and  two-axle  load  was  used,  was  as  follows : 
The  car,  loaded  with  rails,  was  taken  to  the  test  .section  and  carefully 
''spotted"  so  that  the  H-beams  (Fig.  17)  came  directly  over  the  points 
where  the  load  was  to  be  applied.  The  brakes  of  the  car  were  then  set 
and  the  engine  was  uncoupled  and  run  away  from  the  test  section  far 
enough  not  to  affect  the  results.  After  the  load-indicating  jacks  had 
been  put  in  place,  ready  to  apply  the  load,  zero-load  readings  were 
taken  with  the  strain-gauge  and  the  level-bars.  Load  was  then  applied 
with  the  jaGks_,  and  a  set  of  load  readings  was  taken.  The  next  load 
increment  was  applied  and  the  load  readings  taken.  After  the  desired 
number  of  increments  of  load  had  been  applied  (usually  four),. the  load 
was  removed  and  the  zero-load  readings  were  again  taken.  Readings 
on  the  standard  gauge  lines  were  taken  at  the  beginning  and  end  of 
each  set  of  load  and  zero-load  readings.  To  take  a  complete  set  of 
readings,  including  two  sets  of  zero  readings  and  four  load  readings, 
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required  from  li  to  2  hours.  For  the  one-axle  load,  there  were  a  total 
of  about  80  strain-gauge  readings,  115  level-bar  readings  along  the  rail, 
and  90  lever -bar  readings  on  the  depression-plugs.  For  the  two-axle 
load,  there  were  about  115  strain-gauge  readings,  115  level-bar  readings 
along  the  rail,  and  125  level-bar  readings  on  the  depression-plugs. 

The  typical  procedure  in  static-load  tests  with  a  locomotive  was 
practically  the  same  as  when  the  loading  apparatus  was  used.  Zero- 
load  readings  were  taken  with  all  instrument^.  The  locomotive  was 
then  run  on  the  test  section  and  spotted  at  the  desired  point.  Load 
readings  were  taken,  and  then  the  locomotive  was  spotted  at  a  new 
position  and  load  readings  taken.  After  taking  load  readings  with  the 
locomotive  at  the  number  of  points  desired,  the  locomotive  was  run  ofE 
the  test  section  and  zero-load  readings  were  again  taken.  As  it 
required  about  1  hour  to  take  a  set  of  readings  under  the  full  length 
of  tlie  locomotive  and  tender,  it  was  thought  best  to  check  up  on  the 
zero-load  readings  at  frequent  intervals,  in  order  that  errors  introduced 
into  strain-gauge  results  by  the  variations  of  temperature  might  be 
corrected.  Hence,  when  readings  were  taken  under  the  full  length  of 
the  locomotive,  generally  one  set  of  load  readings  was  taken  between 
the  two  sets  of  zero-load  readings.  Each  set  of  readings  under  the 
full  length  of  the  locomotive  and  tender  included  about  120  strain- 
gauge  readings,  60  level-bar  readings  to  the  rail,  and  30  level-bar  read- 
ings to  the  depression-plugs.  As  many  of  these  depression-plugs  were 
under  the  locomotive,  the  30  readings  on  these  required  about  as  long- 
as  the  60  readings  on  the  rail. 

2o.- — Procedure  in  Measuring  Static  Pressure  in  Ballast. — The  meas- 
urement of  the  pressures  in  the  ballast  with  the  pressure-capsule  gen- 
erally was  not  made  at  the  same  time  as  the  other  tests.  In  measuring 
these  pressures,  the  dial  micrometers  were  placed  in  the  ends  of  all  the 
tubes  of  the  pressure-capsules,  and  the  dials  were  set  to  read  zero. 
Load  was  applied  at  the  desired  point,  either  by  the  loading  apparatus 
or  the  locomotive,  and  the  dials  were  then  read.  As  soon  as  the  desired 
loads  or  load  in  the  desired  position  had  been  applied  and  the  readings 
taken,  the  load  was  removed,  and  the  zero-load  readings  were  checked 
to  see  if  they  returned  to  zero.  These  readings  under  load  were  reduced 
to  unit  pressures,  expressed  in  pounds  per  square  inch,  as  described 
later. 

S6. — Procedure  of  Tests;  Moving-Load  Tests. — Tests  in  which  the 
load  on  the  test  track  was  produced  by  a  locomotive  running  over  the 
section  are  designated  as  moving -load  tests.  On  the  tests  on  the 
Illinois  Central  Railroad,  three  types  of  locomotives  were  used  in  mov- 
ir.g-load  tests,  a  Mikado  (2-8-2),  an  Atlantic  (4-^-2),  and  a  Pacific 
(4-6-2).  Fig.  30  gives  diagrams  of  the  locomotives  used,  with  their 
wheel  loads.     The  same  types  were  used  on  static-load  as  on  moving- 
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load  tests,  except  that  the  switching  locomotive  was  used  only  on  static- 
load  tests  and  the  Pacific  locomotive  only  on  moving-load  tests.  In  all 
tests  with  the  Atlantic  type,  the  same  locomotive  was  used.  The 
Pacific  locomotive  used  in  the  1916  tests  was  not  the  same  as  that,  us^d 


=^54*Hf5-8i^^ 


T7T\ ~: — i  ,  .  i  ,  . 


Switching  (0-C-O) 

DIAGRAMS  OF 

FOUR  TYPES  OF  ILLINOIS  CENTRAL  LOCOMOTIVES. 
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in  those  of  1915.  In  tests  with  the  Mikado  type,  use  was  made  of 
whatever  Mikado  locomotive  was  available;  and,  in  the  course  of  the 
work,  tests  were  made  with  25  of  this  type.  In  all  cases  except  the  one 
where  the  equalizer  was  found  blocked  up,  the  locomotives  were  in  good 
working  condition.     The  tires  were  in  good  condition,  there  being  in 
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no  case  evidence  of  much  wear.  The  Mikado  locomotives  were  used  at 
speeds  up  to  35  miles  per  hour,  that  being  the  maximum  speed  per- 
mitted by  the  regulations  of  the  Illinois  Central  Railroad.  The 
Atlantic  and  Pacific  locomotives  were  used  at  speeds  up  to  60  miles 
per  hour,  a  few  tests  being  made  at  speeds  higher  than  60  miles  per 
hour.  The  distance  available  for  acquiring  speed  made  it  difficult  to 
attain  more  than  60  miles  per  hour. 

In  all  moving-load  tests  (except  at  very  low  speeds),  steam  was 
shut  off  as  the  locomotive  approached  the  test  section  of  the  track. 
It  was  found  that  the  tractive  effort  of  the  locomotive  produced  an 
appreciable  effect  on  the  rail  stresses  which  was  somewhat  variable,  and 
it  was  decided  to  eliminate  this  variable  at  first  and  to  study  only  the 
effect  of  speed,  leaving  the  effect  of  tractive  effort  for  investigation  later. 
In  order  to  have  the  counterweight  of  the  locomotive  drivers  in  the  same 
position  in  all  tests,  the  drivers  were  slipped  in  order  to  cause  the 
counterweight  to  come  to  a  definite  position  for  a  given  position  of  the 
locomotive  on  the  test  section.  A  few  tests  were  made  with  the 
counterweight  in  different  positions,  in  order  to  see  something  of  the 
effect  of  change  of  position  of  counterweight.  As  the  engineman  was 
cautioned  to  start  slowly  and  not  to  use  the  brakes  severely,  little 
trouble  was  experienced  from  the  position  of  the  counterweight  chang- 
ing during  the  tests. 

For  moving-load  tests,  the  party  usually  consisted  of  three  men. 
The  procedure  of  a  typical  moving-load  test  was  as  follows :  The 
stremmatographs  were  attached  to  the  rails,  and  the  recording  devices 
were  attached  to  the  pressure-capsule  tubes;  then  the  drive-shaft  rig- 
ging was  set  up  and  connected  to  the  stremmatographs  and  to  the 
recording  pressure-capsules.  The  speedometer  was  attached  to  the 
locomotive,  and,  in  case  it  was  desired  to  measure  rail  deflection,  the 
cameras  for  measuring  deflection  were  set  up  and  the  electrical  con- 
nections for  tripping  the  camera  shutters  made.  Smoked-glass  disks 
were  then  put  in  place  on  the  stremmatographs  and  on  the  recording 
pressure-capsules,  the  pressure  of  the  disks  against  the  recording 
needles  was  adjusted,  and  a  zero-load  line  was  drawn  on  the  disks  by 
rotating  the  drive-shaft.  The  locomotive  was  then  run  over  the  test 
section  at  the  lowest  speed  used  (5  miles  per  hour),  and  records  were 
obtained  by  turning  the  drive-shaft  by  the  hand-wheel.  Then  the 
locomotive  was  run  over  the  test  section  at  next,  to  the  highest  speed 
used  (25  miles  per  hour  for  the  Mikado,  and  50  for  the  Atlantic  and 
Pacific  locomotives).  A  i-un  was  then  made  at  next  to  the  lowest 
speed  (15  miles  per  hour  for  the  Mikado  and  35  for  the  Atlantic  and 
Pacific  locomotives),  and,  last,  a  run  was  made  at  the  highest  speed 
(35  miles  per  hour  for  the  Mikado,  and  60  for  the  Atlantic  and  Pacific 
locomotives).  Although  this  order  and  these  speeds  were  not  always 
followed,  they  are  typical.     The  records  for  the  runs  at  four  speeds 
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were  obtained  on  the  same  glass  disks.  After  the  runs  at  four  speeds, 
the  smoked-glass  disks  were  removed  and  examined  under  a  microscope 
for  evidence  of  error  in  adjustment  of  instruments  or  of  dullness  of 
recording  needles.  Any  dull  needles  were  replaced,  necessary  adjust- 
ments made,  new  smoked-glass  disks  were  put  in  place,  and  another 
series  of  runs  was  made.  After  at  least  three  good  sets  of  records  had 
been  obtained  for  each  instrument  at  a  given  location,  the  stremmato- 
graphs  were  moved  to  a  new  location. 

In  setting  up  the  apparatus  for  moving-load  tests,  two  men  usually 
worked  at  attaching  the  four  stremmatographs  to  the  rail  while  the 
third  man  set  up  the  drive  apparatus  and  attached  the  speedometer  to 
the  locomotive.  During  the  runs,  one  man  rode  on  the  locomotive,  in 
order  to  read  the  speedometer  and  note  any  variations  in  handling  or 
operating  the  locomotive.     The  two  other  men  turned  the  drive-shaft. 
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USUAL  POSITION  OF  STREMMATOGRAPHS  FOR  THREE  SUCCESSIVE  SET-UPS 

Fig.  31. 


•  as  the  locomotive  passed  the  section,  and  noted  the  position  of  the 
counterweight  as  the  locomotive  backed  over  the  test  section  for  the 
next  run.     As  soon  as  the  runs  at  four  speeds  had  been  made,  the  two 

men  removed  and  examined  the  records  and  replaced  the  disks  for  the 
next  run. 

27. — Preparation  for  Moving-Load  Tests. — Fig.  25  shows  the 
arrangement  of  the  apparatus  as  set  up  for  the  moving-load  tests, 
and  Fig.  31  is  a  diagram  of  the  usual  arrangement  of  stremmatographs. 
Four  stremmatographs  were  used  at  one  time,  three  on  one  rail  between 
adjacent  ties,  and  one  on  the  other  rail  opposite  the  middle  instru- 
ment of  the  three.  At  each  test  section  the  instruments  were  set  up 
successively  at  three  adjacent  locations,  covering  a  distance  of  eight 
tie  spaces  near  the  center  of  the  rail  length.  Strain  measurements 
were  made  along  the  middle  of  the  rail,  rather  than  near  the  ends, 
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because  the  effect  of  rail  joints  would  be  appreciable  near  the  ends, 
and  this  effect  was  regarded  as  a  special  problem  to  be  studied  later. 

Under  favorable  conditions,  after  skill  had  been  acquired,  the 
necessary  number  of  records  for  a  given  weight  of  rail  and  one  con- 
dition of  track,  and  for  one  type  of  locomotive,  were  obtained  in 
from  li  to'  2  days. 

28. — Tests  on  D.,  L.  <&  W.  R.  B. — Tests  were  made  on  the  tracks 
of  the  Delaware,  Lackawanna  and  Western  Railroad  at  a  point  near 
Dover,  N.  J.,  during  the  fall  of  1916. 

The  section  of  track  chosen  was  on  the  east-bound  main  line, 
about  one  mile  east  of  the  station  at  Dover.  The  tracks  here  are  laid 
with  101-lb.  D.,  L.  &  W.  E.  R.  rails  on  7  by  9-in.  by  8  ft.  6-in.  creo- 
soted  pine  ties,  tie-plates  being  used  on  every  tie  and  screw-spikes 
throughout.  The  ballast  consists  of  trap  rock  having  a  depth  of 
about  IS  in.  under  the  ties.  Directly  beneath  the  ballast  there  are 
2  ft.  of  cinders,  which  were  originally  used  as  ballast.  Beneath  the 
cinders  is  a  light  embankment  of  clay  mixed  with  boulders.  For  pur- 
poses of  the  tests,  the  original  rail  at  this  point  was  replaced  by  new 
105-lb.,  D.,  L.  &  W.  rail  section  (see  Fig.  107)  for  about  i  mile.  This 
change  was  made  and  the  track  was  put  in  good  line  and  surface  about 
September  1st,  a  tnonth  before  the  tests  were  started. 

On  account  of  the  density  of  traffic  at  the  site  chosen  for  the 
tests,  the  locomotive  used  was  not  permitted  to  back  over  the  test 
section  against  traffic  in  returning  from  the  runs,  as  was  done  on  the 
Illinois  Central  Railroad,  where  the  test  track  was  within  the  yard 
limits.  The  test  section  was  chosen  so  that  this  did  not  interfere 
seriously  with  the  tests,  as  a  cross-over  at  East  Dover  Junction  and 
another  at  the  Dover  station,  about  1^  miles  apart  (both  operated 
from  towers),  permitted  the  crossing  from  one  track  to  the  other  for 
the  successive  runs  without  great  inconvenience  or  loss  of  time.  The 
test  section  was  on  a  light  fill. 

The  tests  were  for  the  purpose  of  obtaining  results  on  the  track 
of  a  second  railroad  with  various  types  of  locomotives,  with  different 
ballast,  a  different  size  of  ties,  different  rails  and  method  of  spiking, 
as  well  as  different  density  of  traffic.  The  wheel  loads  and  spacing 
of  the  locomotives  used  are  shown  in  Fig.  32.  Tests  were  made  with  a 
Ten-wheel,  a  Mikado,  and  two  Pacific  locomotives.  Of  the  two  Pacific 
locomotives  used,  one  is  for  passenger  service  and  the  other  for  fast 
freight  service.  The  method  of  making  the  tests  was.  the  same  as  that 
followed  on  the  Illinois  Central  Railroad,  described  elsewhere. 

C. — Reduction   of  Data,   and   Accuracy   of  Instruments. 

29. — Static  Tests;  Strain-Gauge  Readings. — In  static  tests,  the 
strain-gauge  readings,  taken  on  the  top  of  the  base  of  the  rails,  were 
reduced  fo  stresses  in  the  extreme  fiber  of  the  base  of  the  rail.     The 
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general  process  of  reduction  of  a  strain-gauge  reading*  involved  the 
subtraction  of  the  reading  under  load  from  the  reading  under  zero- 
load,  the  correction  of  this  difference  by  reference  to  the  readings  on 
an  unstressed  standard  bar,  and  the  reduction  of  the  resulting  corrected 
strain  to  a  fiber  stress  at  that  point  by  multiplying  the  strain  by  a 
factor  dependent  on  the  dimensions  of  the  instrument,  the  gauge 
length,  and  the  modulus  of  elasticity  for  steel  (which  was  taken  as 
SO  000  000  lb.  per  sq.  in.).  In  reducing  strain-gauge  readings  to  stress 
in  the  extreme  fiber  of  the  base  of  the  rail,  consideration  must  also 
be  given  to  the  fact  that  the  readings  were  not  taken  on  the  extreme 
fiber  of  the  rail.  This  reduction  was  based  on  the  assumption  that  the 
strain  on  a  fiber  varies  directly  as  its  distance  from  the  neutral  axis. 

In  general,  with  careful  work,  errors  of  observation  may  be  kept 
below  750  lb.  per  sq.  in.  in  stress  in  steel  by  careful  handling  of  the 
strain  gauge,  and  it  is  believed  that  the  results  of  the  strain-gauge 
observations  came  within  this  limit. 

SO. — Static  Tests;  Level-Bar  Readings. — In  reducing  the  level-bar 
readings  to  deflections  of  rail  or  depressions  in  the  ballast,  the  first 
step  was  to  find  for  each  point  the  difference  between  the  reading 
under  zero-load  and  the  reading  under  a  given  load.  Then,  beginning 
at  the  point  over  the  reference  stake  (Fig.  29),  these  differences  were 
added  algebraically  in  the  order  in  which  the  readings  were  taken. 
The  sum  of  the  differences  up  to  any  point  is  equal  to  the  depression 
of  the  rail  at  that  point.  At  the  end  of  the  section  at  which  the 
readings  of  depressions  were  obtained  level-bar  readings  were  taken 
to  a  second  reference  point.  '  At  the  second  reference  stake,  if  the 
differences  did  not  sum  up  to  zero,  the  variation  from  zero  was  taken 
as  due  to  small  cumulative  errors  of  observation.  Corrections  for  this 
error  were  distributed  among  the  various  readings. 

As  previously  stated,  the  measurements  of  the  depression  of  the 
sub-grade  were  determined  by  reading  with  the  level-bar  from  points 
on  the  rail  to  the  depression-plugs.  Then,  for  any  given  plug,  its 
depression  with  respect  to  the  point  on  the  rail  was  given  by  the  dif- 
ference between  the  zero-load  reading  and  the  load  reading.  As  the 
actual  depression  of  the  point  on  the  rail  was  known  from  the  readings 
with  the  level-bar  to  the  rail,  the  actual  depression  of  the  plug  was 
readily  obtained. 

The  level-bar  used  had  a  length  between  legs  of  20  in.,  and  the 
level  bubble  moved  one  division  along  its  scale  for  20  sec.  change  in 
angle  of  inclination  of  the  instrument.  In  the  field,  the  bar  could 
be  leveled  so  that  the  bubble  came  to  rest  not  more  than  one  division 

*  For  a  detailed  discussion  of  the  method  used  in  reducing  the  data  see  Bulletin  No.  64, 
Engineering  Experiment  Station,  University  of  Illinois,  "Tests  of  Reinforced  Concrete 
Buildings  under  Load,"  by  A.  N.  Talbot  and  W.  A.  Slater  ;  also,  see  Proceedings,  Am. 
Soc.  for  Testing  Materials,  1913,  "The  Use  of  the  Strain  Gauge  in  Testing  Materials," 
by  W.  A.  Slater,  and  H.  F.  Moore.  The  accuracy  of  strain-gauge  readings  is  discussed 
in  the  latter  paper. 
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from  the  middle  of  its  scale,  and  this  corresponds  to  a  change  of 
elevation  of  one  end  of  the  bar  with  respect  to  the  other  of  0.002  in. 

SI. — Static  Tests;  Pressure-Capsule  Readings. — The  readings 
obtained  with  the  pressure-capsules  for  static  tests  were  in  terms  of 
movement  of  the  pointers  over  the  dials.  These  readings  were  reduced 
to  unit  pressures  in  the  ballast  by  using  calibration  curves,  there 
being  a  different  calibration  curve  for  each  capsule. 

S2. — Moving-Load  Tests;  Stremmatogr-aph  Results. — For  measur- 
ing strains  from  stremmatograph  records,  a  microscope,  fitted  with  a 
micrometer  eye-piece  and  having  a  magnification  of  75  diameters,  was 
used.  The  microscopes  used  in  measuring  strains  from  record  disks 
were  fitted  with  special  rotating  stages,  so  that  any  portion  of  a  record 
could  readily  be  brought  into  the  field  of  the  microscope  and  the 
record  followed  by  rotating  the  stage.  The  microscopes  were  fitted 
with  micrometer  eye-pieces.  The  scale  of  each  eye-piece  could  be 
moved  with  an  adjusting  screw  so  that  in  taking  a  reading  the  zero 
of  the  scale  could  be  placed  over  the  image  of  the  edge  of  the  zero 
line  on  the  record  disk. 

The  strains  were  measured  for  points  iinder  and  between  wheels, 
and  the  results  were  tabulated  on  special  data  sheets.  A  test  of  the 
accuracy  of  reading  by  the  microscope  from  the  smoked-glass  records 
was  made  by  two  observers  in  the  early  part  of  the  tests.  Forty-five 
determinations  of  stress  from  various  records  selected  at  random 
were  made  by  each  of  the  observers.  The  maximum  deviation  of  any 
reading  by  a  single  observer  from  the  average  result  obtained  by  the 
two  observers  was  0.000270  in. ;  the  average  deviation  was  0.000054  in. 
These  values  correspond  to  variations  in  unit  stress  in  the  rail  of 
2  020  and  400  lb.  per  sq.  in.,  respectively.  With  later  experience,  it  is 
believed  there  are  very  few  readings  of  the  records  in  error  more 
than  700  lb.  per  sq.  in. 

After  the  data  had  been  read  from  the  stremmatograph  records,  all 
results  obtained  on  a  given  section  of  track  by  the  four  instruments 
at  each  speed  were  averaged  together,  the  results  for  each  side  of  the 
base  of  the  rail  being  kept  separate.  After  averaging,  the  mean  of  the 
stresses  at  the  two  sides  of  the  rail  was  calculated,  and  this  mean 
stress  is  the  value  used  in  plotting  the  diagrams  and  making  the 
comparisons. 

It  should  be  noted  tliat  the  values  of  strain  measured  by  both  the 
stremmatograph  and  the  strain-gauge  are  the  averages  in  the  4-in. 
gauge  length.  For  points  under  a  load,  this  average  value  may  be 
appreciably  less  than  the  maximum  value  at  the  center  of  the  gauge 
line,  so  a  correction  has  been  applied  to  obtain  the  maximum  stress. 
In  the  static-load  tests  in  which  the  strain-gauge  was  used,  this  cor- 
rection was  computed  as  follows:     If  /^  is  the  measured  stress  under 
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the  load,  and  f^  is  the  measured  stress  at  the  adjacent  gauge  line  at  a 
distance  x  (in  inches)  from  the  load,  then  it  can  he  readily  shown  that 
the  value  to  be  added  to  /^,  in  order  to  obtain  the  stress  at  the  center 
of  the  gauge  line  mider  the  load,  is  given  by  the  following  equation : 

Correction  =  ~ ^ 

X—  1 

For  the  stremmatograph  results,  no  readings  at  adjacent  gauge  lines 
were  available  for  use  in  making  this  correction.  From  the  static 
tests,  however,  it  was  found  that  this  correction  averaged  practically 
4%  of  the  average  stress  under  the  load.  Therefore,  all  the  observed 
stresses  under  wheels  in  the  moving-load  tests  were  increased  by  4% 
in  order  to  obtain  the  stress  at  the  center  of  the  gauge  line. 

3S. — Moving-Load  Tests;  Results  with  Recording  Pressure-Cap- 
sules.— The  records  obtained  with  the  recording  pressure-capsules  were 
of  the  same  general  character  as  those  obtained  with  the  stremmato- 
graphs.  In  reducing  these  results,  readings  with  the  microscope  were 
taken  of  the  values  of  the  ordinates  of  the  diagrams  under  the  wheels 
and  between  the  wheels  of  the  locomotive,  as  was  done  with  the  strem- 
matograph records.  By  multiplying  by  the  proper  factor,  these  readings 
were  reduced  to  movements  of  the  plunger  rods  (expressed  in  thou- 
sandths of  an  inch).  These  quantities  were  then  used  to  obtain  the 
unit-pressure  in  the  ballast  from  the  calibration  curves.  After  being 
computed  and  checked,  these  pressures  were  grouped  and  averaged,  as 
was  done  with  the  stremmatograph  results. 

31^. — Moving-Load  Tests;  Photographic  Measurement  of  Depres- 
sion.—The  notes  taken  in  connection  with  the  photographic  measure- 
ment of  rail  depression  and  tie  depression  included:  description  of 
test  section,  speed  of  locomotive,  condition  of  light,  time  of  day,  the 
size  of  the  stop  (diaphragm)  used,  the  length  of  exposure,  the  distance 
of  the  camera  lens  from  the  rail,  and  the  position  of  the  electric 
contact  point  for  operating  the  shutter.  The  reduction  of  the  data 
was  made  by  microscope  measurements  of  the  distance  between  the 
images  on  the  developed  negative  of  the  two  positions  of  the  reference 
cross-marks  on  the  rail  or  on  the  ties.  The  reading  of  the  scale  in  the. 
micrometer  eye-piece  was  reduced  to  inches  of  depression  of  the  rail 
or  tie  by  the  use  of  a  constant  depending  on  the  distance  of  the 
camera  lens  from  the  rail,  the  focal  length  of  the  lens,  the  scale  value 
of  the  micrometer  eye-piece,  and  the  magnification  used.  From  a 
comparison  of  results  obtained  by  this  method  in  static  tests  with 
results  obtained  by  the  use  of  the  level-bar,  measurements  of  deflec- 
tion with  the  camera  apparently  can  be  made  with  an  error  of  observa- 
tion not  greater  than  0.01  in.,  except  at  high  speed  or  on  embankment 
subject  to  much  vibration.  The  tests  on  the  Illinois  Central  Railroad, 
however,  were  made  on  an  embankment,  and  for  that  reason  consider- 
able inconsistency  was  found  in  the  tests  at  speed. 
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IV. — Results  of  Tests. 

35.- — Form  of  Presentation. — In  reporting  the  results  of  the  tests, 
the  effort  has  been  made  to  present  only  those  matters  which  seem  to 
liave  a  bearing  on  the  fundamentals  of  track  action  and  the  j^roblems 
of  track,  and  to  give  the  essential  results,  free  as  far  as  possible  from 
the  mass  of  details  of  the  test  data.  When  it  is  stated  that  the  tests 
have  involved  the  making,  reading,  recording,  and  reducing  of  more 
than  250  000  observations  on  rail  strains  alone,  the  need  for  presenting 
only  the  essentials  Avill  be  apparent.  Generally  speaking,  only  aver- 
ages of  a  considerable  number  of  values  are  presented.  Some  use  of 
individual  results  will  be  made  in  the  discussion  on  the  variation  of 
individual  values  from  the  average  value.  It  has  been  thought  best  to 
present  the  results  largely  in  graphical  form.  This  method  allows 
general  comparison  to  be  made  readily.  Tabular  values  are  also  given 
for  some  of  the  principal  results. 

The  results  presented  in  this  report  relate  principally  to  stresses  in 
rail  and  to  the  depression  of  track  as  a  whole.  The  action  of  the  tie, 
the  transmission  of  pressure  through  ballast  and  roadway,  and  other 
related  matters  must  be  reserved  for  a  later  report. 

Data  relating  to  depression  of  track  under  one-axle  load,  two-axle 
load,  and  locomotive  loading  under  static  conditions  will  first  be  pre- 
sented, then  data  on  stresses  in  rail  for  these  loadings  and  for  moving- 
load  tests  with  locomotives :  and,  following  these,  a  general  discussion 
of  the  effect  of  speed,  influence  of  rail  section,  effect  of  wheel  spacing, 
(Condition  of  track,  etc. 

^,  S6. — Depression  of  Trach  Under  Load. — Flexibility,  elasticity,  •  and 
stiffness  are  important  properties  of  railroad  track.  The  quality  of 
the  track  is  affected  by  variations  in  these  properties.  It  is  apparent 
even  to  a  casual  observer  that  track  depresses  under  wheel  loads.  The 
weight  from  the  wheel  loads  is  distributed  by  the  rail  among  adjacent 
ties,  and  vertical  pressures  are  set  up  in  ties,  ballast,  and  roadway.  The 
pressures  transmitted  by  rail,  ties,  ballast,  and  roadway  compress  or 
otherwise  deform  these  various  parts  of  the  track  structure,  the  ver- 
tical deformation  and  movement  of  the  different  parts  together  forming 
the  total  track  depression.  Generally  speaking,  the  action  has  the 
nature  of  elastic  deformation,  and,  when  the  wheel  load  is  removed, 
the  track  resumes  its  normal  position,  wholly  or  partly,  according  to 
the  condition  of  the  track  and  the  nature  and  weight  of  the  load.  The 
stiffness  and  flexibility  of  track  are  dependent  on  the  section  of  the 
rail  and  its  flexural  properties,  the  dimensions  and  spacing  of  the  ties, 
and  the  nature,  quality,  and  condition  of  the  ballast  and  roadway. 

At  this  place  no  effort  will  be  made  to  analyze  the  parts  played  by 
the  rail,  ties,  ballast,  and  roadway  in  making  up  the  track  depression. 
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The  total  depressions  will  be  reported — the  combined  effect  of  rail,  tie, 
ballast  and  roadway.  At  another  time  a  discussion  will  be  made  of  the 
relation  between  the  deformations  of  the  several  parts  of  the  track 
structure.  The  following  general  statement  is  given  as  an  estimate  of 
the  division  of  the  depressions  in  the  various  parts,  in  what  may  be 
called  good  track,  under  the  drivers  of  a  Mikado  locomotive:  compres- 
sion of  the  tie  under  the  rail  and  effect  of  bending  of  tie  to  bring  it  to 
full  bearing  on  the  ballast  along  its  length,  0.05  in. ;  compression  of 
24  in.  of  stone  ballast  immediately  under  the  rail,  0.15  in. ;  compression 
of  roadway  immediately  under  rail,  0.15  in.  The  bending  of  the  rail 
between  the  ties  is  slight,  the  deflection  of  the  rail  between  two  adjacent 
ties  under  the  weight  of  the  driver  of  a  Mikado  locomotive  on  85-lb. 
rail  amounting  to  not  more  than  0.01  in.  in  a  tie  spacing  of  22  in.  For 
heavier  rails,  the  deflection,  of  course,  will  be  less. 

Whether  the  magnitude  of  the  track  depression  is  directly  propor- 
tional to  the  load  applied,  or  varies  considerably  from  direct  propor- 
tionality, is  dependent  on  the  nature  of  the  track  and  its  condition.  For 
the  best  track  in  well-tamped  condition  (freshly  surfaced),  the  tests 
indicate  that  the  relation  between  the  load  and  the  resulting  depression 
approaches  direct  proportionality;  that  is,  the  depression  of  the  track 
is  directly  proportional  to  the  load  applied.  For  mediocre  track  and 
track  which  is  not  well  kept  up,  it  is  evident  from  the  results  of  the 
tests  that  the  first  part  of  the  load  applied  produces  a  greater  depres- 
sion than  a  later  equal  additional  increment  of  load.  The  effect  of 
this  on  stresses  in  the  track  is  important. 

The  foregoing  refers  to  the  relation  between  vertical  pressures  and 
the  'resulting  vertical  deformations  or  depressions  at  any  point  along 
the  line  of  the  rail,  both  at  and  away  from  the  wheel  load.  Away  from 
the  load,  the  pressure  of  the  rail  on  the  tie  will  vary  from  tie  to  tie, 
and  therefore  the  consequent  depression  will  vary,  but,  at  any  point,  the 
downward  pressure  of  the  rail  and  the  upward  pressure  of  the  tie  must, 
of  course,  be  equal  to  each  other.  In  the  tests,  the  magnitude  of  the 
track  depression  along  the  rail  has  been  measured,  and  the  distribution 
of  vertical  pressure  among  the  ties  may  be  estimated  from  the  data 
obtained.  Records  of  results  will  be  given  of  track  .depression  for  one- 
axle  load,  two-axle  load,  and  locomotive  loading. 

87. — Depression  of  Track;  One-Axle  Load  and  Two-Axle  Load. — 
In  Figs.  33  to  41  are  given  track  depression  profiles  for  one-axle  and 
two-axle  loads  (the  axles  being  66  in.  apart),  for  tests  made  on  the  test 
sections  of  track  on  the  Illinois  Central  Railroad.  At  the  place  where 
the  tests  with  loading  apparatus  were  made,  the  ties  were  22  in.  from 
center  to  center.  The  load  was  applied  near  the  middle  of  the  length 
of  a  rail,  in  order  to  avoid  the  effect  of  rail  joints.  The  measurements 
of   depression   were  taken   on  the  base   of   the   rail;   the   depressions 
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reported  give  the  vertical  movement  of  tlie  rail  as  produced  by  bending 
of  rail  and  vertical  movement  of  tie,  ballast,  and  roadway.  Kesults 
are  given  for  the  load  applied  both  at  a  point  directly  over  the  tie  and 
at  a  point  between  the  two  ties.  Most  of  the  tests  are  on  rails  of  85-lb. 
section,  but  results  are  also  given  for  tests  on  100-lb.  and  125-lb.  sec- 

TRACK   DEPRESSION    PROFILES. 

STATIC-LOAD  TEST   ON   ILLINOIS  CENTRAL  RAILROAD' 

WITH   LOADING  APPARATUS. 

,  One-Axle  Load 

eel 


?^:oM=i?;viir^rn^ 


Note ;-  P    Load  on  one  rail. 

One-and  Two- Axle  Load 

■lb.  Rail  6-iii.  x  S-in.  x-S-fh  Ties  21-in.  Stone  Ballast 

Fig.   33. 


Before  Tamping. 


tions.  The  diagrams  include  tests  on  track  having  a  depth  of  broken 
stone  ballast  below  the  tie  of  6,  12,  and  24  in.  Diagrams  are  given  for 
freshly-tamped  track  and  for  track  which  had  borne  traffic  for  a  con- 
siderable time  after  being  tamped.  The  results  are  given  for  the  sev- 
eral magnitudes  of  load  applied.  It  should  be  noted  that  the  depression 
measurements  were  taken  from  the  initial  position  which  the  track 


1354 


STRESSES   IN   RAILROAD   TRACK 


TRACK-DEPRESSION  PROFILES. 

STATIC-LOAD  TEST  ON  ILLINOIS  CENTRAL  RAILROAD 

WITH  LOADING  APPARATUS. 
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TRACK  DEPRESSION  PROFILES. 
STAJIC-LOAD  TEST  ON  ILLINOIS  CENTRAL  RAILROAD  WITH  LOADING  APPARATUS 
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TRACK  DEPRESSION   PROFILES. 
STATIC-LOAD  TEST  ON   ILLINOIS  CENTRAL  RAILROAD  WITH,  LOADING  APPARATUS. 
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Fig.   36. 
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125" 
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TRACK-DEPRESSION  PROFILES. 

STATIC-LOAD  TEST  ON  ILLINOIS  CENTRAL  RAILROAD 

WITH  LOADING  APPARATUS. 
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TRACK  DEPRESSION  PROFILES. 
STATIC-LOAD  TEST  ON  ILLINOIS  CENTRAL  RAILROAD  WITH  LOADING  APPABATUS, 
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TRACK  DEPRESSION  PROFILES. 
STATIC_LOAD  TEST  ON  ILLINOIS  CENTRAL  RAILROAD  WITH  LOADING  APPARAT^US. 
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TRACK  DEPRESSION   PROFILES. 

STATIC-LOAD  TESTS  ON   ILLINOIS  CENTRAL  RAILROAD 

WITH  LOADING  APPARATUS. 
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TRACK  DEPRESSION  PROFILES. 
STATIC-LCAD  TESTS  ON   ILLINOIS  CENTRAL  RAILROAD 
WITH   LOADING  APPARATUS. 
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LOAD-DEPRESSION  DIAGRAMS. 
STATIC-LOAD  TEST  ON  ILLINOIS  CENTRAL  RAILROAD  WITH  LOADING  APPARATUS. 
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LOAD-DEPRESSION  DIAGRAMS. 
STATIC-LOAD  TEST  ON  ILLINOIS  CENTRAL  RAILROAD  WITH  LOADING  APPARATUS. 
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LOAD-DEPRESSION  DIAGRAMS. 

STATIC-LOAD  TEST  ON  ILLINOIS  CENTRAL  RAILROAD 

WITH  LOADING  APPARATUS. 
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assiimed  with  the  loaded  car  on  it  as  the  basis  of  measTirement.  It  will 
be  seen  that,  when  a  load  is  applied  through  the  loading  apparatus, 
weight  is  released  from  the  trucks  of  the  car,  and  that  the  track  in  the 
vicinity  of  the  trucks  will  rise  accordingly.  The  effect  of  this  change 
will  appear  for  some  distance  on  each  side  of  the  truck  wheels,  and 
may  have  some  effect  on  the  track  depressions  well  toward  the  center 
of  the  car. 

Figs.    42    to   45    give   load-depression   curves   for    the   rail    at    the 
point  of  application  of  load  in  the  case  of  one-axle  load,   and  at  a 

LOAD-DEPRESSION  DIAGRAMS. 
STATIC-LOAD  TEST  ON  ILLINOIS  CENTRAL  RAILROAD  WITH  LOADING  APPARATUS. 
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point  midway  between  loads  in  the  case  of  two-axle  loads.  The  values 
plotted  are  from  the  same  tests  as  those  given  in  the  depression 
profiles. 

Little  difference  is  to  be  found  in  the  depression  profiles  for  the 
load  over  a  tie  and  for  the  load  midway  between  ties.  The  depres- 
sion is  generally  somewhat  greater  for  the  load  over  a  tie.  This  is 
true  for  both  one-axle  and  two-axle  loads. 

It  is  seen  that  there  is  a  marked  difference  in  the  magnitude  of  the 
track  depression  according  to  the  condition  of  the  track,  freshly  tamped 
track  having  a  smaller  depression  under  load  than  track  which  has 
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been  subjected  to  the  action  of  traffic  for  a  considerable  time  after 
being  surfaced.  In  this  report  the  term  "after  tamping"  is  applied  to 
track  on  which  trains  had  been  run  for,  say,  from  1  to  2  weeks  after 
the  track  had  been  tamped.  The  term  "before  tamping"  is  applied 
to  track  which  had  been  subjected  to  traffic  of  passenger  trains  for, 
say,  from  2  to  6  months.  It  should  be  stated,  however,  that  in  all 
these  tests  the  track  was  in  excellent  condition. 

For  freshly  tamped  track,  a  straight  Hne  drawn  through  the  origin 
fits  fairly  well  the  several  points  in  the  load-depression  curves.  In 
other  words,  the  magnitude  of  the  depression  of  the  track  is  directly 
proportional  to  the  load  applied.  This  property  of  direct  proportion- 
ality in  track  depressions  corresponds  to  a  constant  modulus  of  elas- 
ticity of  rail-support  as  will  be  discussed  under  "Modulus  of  Elas- 
ticity of  Rail-support."  It  will  be  found  that  the  relation  between 
the  magnitude  of  the  applied  load  and  the  magnitude  of  the  track 
depression  (corresponding  to  the  quality  of  stiffness  in  properties  of 
materials),  is  an  important  property  of  track,  and  has  an  influential 
bearing  on  the  stresses  developed  in  the  rail  under  applied  load. 

It  is  apparent  from  the  load-depression  diagrams  for  tests  marked 
"before  tamping"  that  a  light  load  produces  a  relatively  greater  depres- 
sion than  is  given  by  later  increments  of  load.  It  thus  appears  that 
the  stiffness  of  the  rail-support  is  smaller  for  the  lighter  loads.  In 
the  load-depression  diagrams  for  condition  "heiore  tamping"  a 
straight  line  may  be  drawai  which  will  fit  fairly  well  the  points  for 
the  highest  three  loads.  This  line  will  intersect  the  line  for  zero-load 
at  the  right  of  the  point  representing  zero-depression.  This  distance 
or  intercept  may  be  thought  to  be  in  the  nature  of  play  or  looseness 
in  the  track.  It  is  probably  nearer  correct  to  say  that  in  the  lower  part 
of  the  diagram  the  track  is  least  resistant  to  load  (less  stiff  from 
the  standpoint  of  elastic  action)  and  that  for  the  smaller  loads  the 
depression  produced  is  not  proportional  to  the  load  applied.  If  there 
is  play  in  the  test  sections  of  track,  it  would  seem  most  likely  to  be 
between  the  tie  and  the  ballast  immediately  under  the  rail  and  adjacent 
thereto,  so  that  the  tie  must  bend  before  it  comes  to  a  full  and  even 
bearing  along  its  length,  and  part  of  the  resistance  for  the  lighter 
loads  may  be  that  of  the  flexural  resistance  of  the  tie.  It  will  be  noted 
that  a  straight  line  drawn  through  the  upper  points  of  a  load-depres- 
sion curve  for  "before  tamping"  is  approximately  parallel  to  the  corre- 
sponding line  for  freshly  tamped  track  at  the  same  location.  The 
distance  from  the  point  of  zero-depression  to  the  point  where  the  line 
above  referred  to  crosses  the  line  of  zero-load  has  been  found  to  be 
as  much  as  0.20  in.  in  the  track  tested,  though  it  more  generally  runs 
from  0.03  to  0.10  in.  in  track  not  freshly  tamped.  How  large  this 
value  may  become  in  poorly  conditioned  track  is  an  interesting  ques- 
tion.     The  effect   which   the  variation   in   stiffness  of  track   found  at 
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the  several  points  of  the  load-depression  curve  has  on  the  stresses 
developed  in  the  rail,  on  the  division  of  pressure  among  the  ties,  and  on 
the  distribution  of  pressure  over  ballast  and  roadway  is  a  matter  for 
future  consideration,  as  is  also  the  effect  produced  by  changes  in  the 
magnitude  of  the  load  itself. 

The  same  variation  from  direct  proportionality  between  track 
depression  and  load  (constant  modulus  of  elasticity  of  rail-support) 
is  also  shown  in  the  depression  profiles  for  track  before  tamping,  in 
that  the  magnitudes  of  the  depression  for  the  smaller  loads  are  greater 
accordingly  than  for  the  larger  loads.  The  effect  is  noticeable  along 
the  rail  at  each  side  of  the  load. 

The  track  depression  profiles  for  one-axle  load  are  of  interest  in 
showing  the  extent  of  the  influence  of  the  rail  in  carrying  load  to  the 
near-by  ties  and  in  depressing  them,  the  curve  of  flexure  of  the  rail 
and  the  vertical  movement  of  the  ties  fitting  to  each  other.  It  may 
not  be  expected  that  the  distance  from  the  load  to  the  point  of  zero- 
depression  of  rail  (also  point  of  zero-pressure  on  ties)  can  be  deter- 
mined accurately  and  definitely  by  tests  of  this  nature,  since  the  slope 
of  the  curve  of  flexure  is  very  slight  for  some  distance  on  each  side 
of  this  point.  Besides,  as  has  already  been  mentioned,  by  the  arrange- 
ment for  applying  the  load  through  the  jacks,  an  equal  weight  was 
released  from  the  trucks  of  the  car,  and  the  effect  of  the  release  of 
load  in  causing  the  track  to  rise  extended  some  distance  from  the 
wheels  of  the  car. 

An  examination  of  the  depression  profiles  for  the  one-axle  load 
shows  that  the  track  depression  caused  by  a  given  load  on  a  rail  of 
heavy  section  is  less  than  that  found  for  the  lighter  rail  section  at 
the  same  load.     The  load-depression  diagrams  also  show  this. 

It  is  plain  that  the  heavier  and  stiffer  rail  will  distribute  the  load 
to  a  greater  number  of  ties,  though  the  effect  is  not  well  shown  by 
the  diagrams,  because  of  the  influence  of  varying  load  on  the  car 
truck  and  the  corresponding  influence  on  track  depression  in  its 
vicinity. 

The  depression  profiles  and  the  load-depression  diagrams  show  that 
the  maximum  track  depression  for  the  two-axle  load  is  greater  than  for 
a  one-axle  load  with  the  same  wheel  load.  For  the  wheel  spacing  used, 
the  effect  of  one  wheel  load  in  contributing  to  tie  pressures  along  the 
rail  extends  beyond  the  other  wheel  load.  In  Fig.  46  typical  track 
depression  profiles  (shown,  by  light  lines)  from  one-axle  load  tests  are 
plotted  in  duplicate  as  for  axle  loads  66  in.  apart.  These  have  been 
combined  by  summation  into  composite  profiles  as  for  two-axle  loads 
with  this  wheel  spacing  of  66  in.  (shown  as  dotted  lines).  The  heavy 
full  lines  are  depression  profiles  found  from  the  two-axle  load  tests. 
It  is  seen  that  there  is  close  agreement  between  the  composite  curve 
and  the  profile  of  the  two-axle  load  test.     Comparing  the  diagram  for 
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85-lb.  rail  with  that  of  a  single  truck,  in  Fig.  9,  which  is  a  composite 

diagram  for  two  one-axle  loads  obtained  from  analysis,  it  is  seen  that 

there  is  fair  agreement  with  the  results  obtained  in  the  tests. 

Attention  is  called  to  the  fact  that  in  the  tests  with  two-axle  loads 

(85-lb.  rail)  there  is  no  reversal  of  curvature  visible  between  the  load 

points.     For  a  less  stiff  rail,  or  for  a  greater  wheel  spacing  than  5  ft. 

6  in.,  reversal  of  curvature  may  be  obtained.     It  will  be  noted  that  the 

TRACK  DEPRESSION  PROFILES  FROM  TWO-AXLE  LOAD  TESTS, 
AND  COMPOSITE  PROFILES  FROM  ONE-AXLE  LOAD  TESTS. 


.One-axle  Load  Test 


.Two-axle  Load  Test 


. Composite  

Fig.   46. 

100-lb.  and  also  the  125-lb.  rail  section  give  a  smaller  maximum 
depression  than  the  85-lb.  rail.  It  should  also  be  noted  that  the  slope 
of  the  curve  of  flexure  under  a  wheel  load  is  less  for  the  heavier  than 
for  the  lighter  rail. 

Table  2  gives  tie  reactions,  expressed  as  proportional  parts  of  the 
wheel  load.  These  values  have  been  calculated  from  the  depression 
profile  by  adding  the  depressions  for  the  several  ties  and  deter- 
mining the  proportion  which  the  depression  at  each  tie  bears 
to    their    sum.      The    table    is    helpful    in    giving    an    idea    of    the 
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TABLE  2.- Tie  Reactions,  in  Terms  of  Wheel  Load,  P. 
Static-Load  on  Illinois  Central  Railroad 
WITH  Loading  Apparatus, 
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loads  which  come  on  the  several  ties  for  both  one-axle  and  two- 
ajcle  loads.  The  calculations  are  based  on  tests  on  freshly  tamped 
track,  and  assume  that  tie  pressures  are  proportional  to  depressions. 
The  conditions  of  the  tests  are  not  such  as  to  permit  conclusions 
to  be  drawn  relative  to  the  effect  of  stiffness  of  rail  on  the  distribution 
of  load  to  ties. 

38. — Depression  of  Trach;  Static-Load  Test  with  Mikado  Locomo- 
tive.—In  Figs.  47  and  48  are  given  track  depression  profiles  for  static 
loading  obtained  with  the  Mikado  locomotive  on  85-lb.  and  100-lb. 
rails  on   the  test  sections  of  track   on  the   Illinois   Central  Railroad 
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Depression  of  Rail  in  Inches. 
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north  of  Champaign.  For  the  85-lb.  rail  tests  were  made  on  three 
depths  of  ballast  and  two  sizes  of  ties ;  for  the  100-lb.  rail  test  was 
made  on  one  depth  of  ballast.  In  all  these  tests  the  track  was  in 
freshly  tamped  condition.  It  will  be  seen  that  the  depression  at  the 
points  between  drivers  is  nearly  as  much  as  that  directly  under  a 
driver.  Calculations  have  been  made  to  find  the  load  carried  by 
•each  tie  along  the  wheel  base,  on  the  assumption  that  there  is  direct 
proportionality  of  tie  reaction  to  track  depression,  an  assumption 
which  is  not  far  from  correct  for  the  condition  of  the  track  at  the 
time  of  the  tests.     The  resulting  tie  reactions  are  given  in  Table  3. 

In  Fig.  48  is  given  a  depression  profile  from  a  preliminary  test  on 
a  piece  of  track  which  had  not  been  specially  prepared  for  the  tests. 
Although  not  recently  tamped,  this  track  was  apparently  in  good 
condition.  The  ties  were  partly  oak  and  partly  soft  wood,  and  the 
spacing  was  only  fairly  uniform.  The  maximum  depression  is  greater 
than  that  found  with  the  specially  prepared  test  track.  Fig.  48  also 
gives  a  depression  profile  for  track  on  cinder  ballast  about  6  in.  deep 
below  the  ties.  Here,  again,  the  track  had  not  been  recently  tamped, 
and  it  is  not  known  what  part  of  the  increased  depression  results 
from  play  or  smaller  stifi'ness  at  low  loads. 

S9. — Depression  of  Track;  Static-Load  Tests  ivith  Switching  Loco- 
motive.— Among  the  preliminary  tests  on  the  Illinois  Central  Railroad 
was  one  with  a  switching  locomotive,  shown  in  Fig.  30.  Fig.  49  gives 
depression  profiles  for  tests  with  this  locomotive  on  stone-ballasted  and 
cinder-ballasted  track  at  the  places  just  reported  for  the  Mikado  loco- 
motive, and  with  the  track  in  the  same  condition  as  during  those  tests. 
The  effect  of  the  absence  of  truck  and  trailer  is  quite  marked.  In 
Fig.  49  is  also  given  a  depression  profile  for  this  switching  locomotive 
on  a  piece  of  branch  line  which  is  laid  with  old  56-lb.  rail  and  ballasted 
with  cinders.  Attention  is  called  to  the  very  great  track  depression 
under  the  drivers.  The  track  had  not  been  recently  tamped,  and 
probably  was  not  in  very  good  condition.  It  should  be  stated  that 
locomotives  of  the  type  used  in  this  test  are  not  run  over  this  branch 
line. 

JfO. — Depression  of  Track  of  the  D.,  L.  &  IF.  R.  R. — Tests  were 
made  on  the  Delaware,  Lackawanna  and  Western  Railroad  near 
Dover,  N.  J.,  to  determine  depression  of  track  under  the  trucks 
of  a  car.  A  light  car  and  a  loaded  car  of  the  same  kind  were  used. 
Measurements  were  made  with  a  level-bar.  The  depression  profile 
is  given  in  Fig.  50.  Interferences  by  traffic  prevented  making  the 
tests  as  complete  as  those  on  the  Illinois  Central  Railroad.  It  will 
be  seen  that  this  track  shows  less  depression  for  a  given  load  than 
that  of  the  Illinois  Central  Railroad. 
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TRACK  DEPRESSION   PROFILES. 

STATIC-LOAD  TESTS  ON   ILLINOIS  CENTRAL  RAILROAD 

WITH  SWITCHING  LOCOMOTIVE. 
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Switching  Locomotive 
(0-6-0) 


Fig.  49. 


TRACK  DEPRESSION   PROFILES. 
STATIC-LOAD  TEST  ON    DELAWARE,  LACKAWANNA 
AND  WESTERN  RAILROAD. 
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Ul. — Stresses  in  Rail. — The  stresses  reported  here  are  calculated 
from  values  of  the  strains  measured  in  the  top  of  the  base  of  the  rail  for 
the  static-load  tests,  and  at  a  point  below  the  edge  of  the  base  of 
the  rail  for  the  moving-load  tests.  As  already  stated,  the  transforma- 
tion from  strain  to  stress  is  made  by  using  a  modulus  of  elasticity 
of  30  000  000  lb.  per  sq.  in.  The  stresses  reported  are  those  at  the 
remotest  fiber  of  base  of  rail,  the  reduction  being  made  by  assuming 
the  neutral  axis  to  pass  horizontally  through  the  center  of  gravity 
of  the  rail  section.  In  the  static-load  test,  the  strains  were  measured 
on  one  side,  only,  of  the  base  of  rail,  except  in  the  test  made  in  1917, 
when  measurements  were  made  on  both  sides,  l^ot  much  variation 
between  the  strains  at  the  two  edges  of  the  base  of  rail  is  to  be 
expected  when  the  loads  are  applied  by  the  loading  apparatus.  How- 
ever, as  will  be  shown  later,  when  a  locomotive  is  used  as  load,  whether 
stationary  or  in  motion,  a  considerable  variation  was  found  in  the 
strains  at  the  two  edges  of  the  base  of  rail.  It  should  be  noted  that 
in  these  results  no  attention  was  given  to  the  bearing  stresses  produced 
by  the  concentration  of  wheel  load  on  the  top  of  rail,  nor  to  stresses 
due  to  lateral  torsion  of  the  rail.  In  general,  in  the  moving-load 
tests,  the  stress  reported  is  the  average  of  many  observations,  and 
not  the  maximum  found  for  an  individual  test.  The  variation  of 
individual  tests  from  the  average  will  be  discussed  later.  Although 
the  measurements  made  give  the  total  deformation  in  a  gauge  length 
of  4  in.,  and  the  stress  corresponding  to  the  measured  strain  would 
represent  an  average  stress  over  this  gauge  length,  the  observations 
have  been  reduced,  as  described  in  Article  32  "Moving-Load  Tests; 
Stremmatograph  Results,"  and  all  the  stresses  given  are  those  for  a 
point  at  the  middle  of  the  4-in.  gauge  length. 

Jf-2. — Stresses  in  Bail;  One-axle  Load  and  Tivo-axle  Load. — Figs. 
51  to  59  give  stress-distribution  diagrams  for  one-axle  and  two-axle 
loads  (the  axles  being  66  in.  apart)  for  tests  made  on  the  test  sections 
of  track  on  the  Illinois  Central  Railroad.  The  data  were  obtained 
at  the  same  test  sections,  at  the  same  time,  and  under  the  same 
conditions  as  the  data  on  track  depressions  already  given.  It  will 
be  seen,  also,  that  the  release  of  load  on  the  truck  wheels  of  the  car, 
through  the  application  of  pressure  by  the  loading  jacks,  affected 
the  stresses  in  rail  for  some  distance  from  the  wheels,  and  thus  that 
the  results  found  at  points  some  distance  from  the  load  points  may 
not  be  expected  to  represent  accurately  the  stresses  produced  by  the 
one-axle  and  two-axle  loads.  Measurements  of  strains  were  made  with 
the  load  at  a  point  over  the  tie  and  between  ties.  As  previously  stated, 
in  all  tests  before  1917,  measurements  of  strains  were  made  on  only 
one  side  of  the  rail.  The  results  given  for  tests  made  in  1917  are 
averages  of  measurements  on  two  sides  of  the  rail. 
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STRESS  DISTRIBUTION  DIAGRAMS. 
STATIC-LOAD  TESTS  ON  ILLINOIS  CENTRAL  RAILROAD  WITH   LOADING  APPARATUS. 
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STRESS  DISTRIBUTION    DIAGRAMS. 
STATIC-LOAD  TESTS  ON   ILLINOIS  CENTRAL  RAILROAD  WITH    LOADING  APPARATUS. 
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STRESS  DISTRIBUTION  DIAGRAMS 
STATIC-LOAD  TESTS  ON   ILLINOIS  CENTRAL  RAILROAD  WITH   LOADING  APPARATUS 
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STRESS  DISTRIBUTION   DIAGRAMS. 
STATIC-LOAD  TESTS  ON  ILLINOIS  CENTRAL  RAILROAD  WITH  LOADING  APPARATUS. 
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STRESS  DISTRIBUTION  DIAGRAMS 
STATIC-LOAD  TESTS  ON  ILLINOIS  CENTRAL  RAILROAD  WITH   LOADING  APPARATUS. 
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Figs.  60  to  63  give  load-stress  diagrams  for  gauge  lines  at  the 
point  of  application  of  load  in  the  case  of  one-axle  load  and  at  the 
points  of  load  in  the  case  of  two-axle  loads,  the  average  of  the  stresses 
at  the  two  points  being  taken  in  the  latter  case.  The  values  plotted 
are  the  same  as  those  given  in  the  stress  distribution  diagrams  for  a 
point  under  the  load. 

Little  difference  is  to  be  found  in  the  rail  stress  under  the  load 
for  a  load  over  a  tie  and  for  a  load  midway  between  ties.  The  stress 
is  generally  somewhat  greater  for  the  load  between  ties, .  though  the 
difference  is  smaller  than  the  variations  found  in  different  tests. 

STRESS  DISTRIBUTION   DIAGRAMS. 
STATIC-LOAD  TESTS  ON  ILLINOIS  CENTRAL  RAILROAD  WITH  LOADING  APPARATUS. 
IF  IP 
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ONE-AXLE   LOAD.  TESTS  OF   1917. 

Fig.    58. 

It  is  seen  that  the  rail  stresses  differ  markedly  according  to  the 
condition  of  the  track,  freshly  tamped  track  giving  smaller  stresses 
than  track  which  has  been  subjected  to  the  action  of  traffic  for  a 
considerable  time  after  receiving  a  general  surfacing.  This  is  found 
to  be  true  in  tests  for  both  the  one-axle  and  the  two-axle  loads.  A 
comparison  of  the  stresses  developed  under  the  two  conditions  of 
track  may  best  be  made  by  a  study  of  the  load-stress  diagrams.  In 
general,  for  freshly  tamped  track,  a  straight  line  may  be  drawn 
which  fits  fairly  closely  the  points  for  the  several  loads  and  passes 
through  the  origin  of  co-ordinates.  This  is  the  same  as  saying  that 
the  stress  developed  in  the  rail  is  directly  proportional  to  the  load 
applied.     For  track  marked  "before  tamping"  (track  which  it  will  be 
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STRESS  DISTRIBUTION   DIAGRAMS. 

STATIC-LOAD  TESTS  ON  ILLINOIS  CENTRAL  RAILROAD 

WITH   LOADING  APPARATUS. 
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LOAD-STRESS  DIAGRAMS. 
STATIC-LOAD  TESTS  ON  ILLINOIS  CENTRAL  RAILROAD  WITH  LOADING  APPARATUS. 
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LOAD-STRESS  DIAGRAMS. 
STATIC-LOAD  TESTS  ON  ILLINOIS  CENTRAL  RAILROAD  WITH  LOADING  APPARATUS. 
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LOAD-STRESS  DIAGRAMS- 
STATIC-LOAD  TESTS  ON   ILLINOIS  CENTRAL  RAILROAD  WITH  LOADING  APPARATUS. 
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remembered  has  been  described  as  track  in  excellent  condition),  a 
straight  line  may  be  drawn  to  fit  fairly  well  the  points  for  the  several 
loads,  but  this  line  will  pass  to  the  right  of  the  origin.  For  the  track 
"before  tamping",  then,  the  stresses  appear  to  increase  proportionately 
to  the  load;  but,  to  the  stress  found  on  this  assumption  must  be 
added  a  constant  stress  in  order  to  obtain  the  stress  which  is  developed 
at  the  given  load.  It  would  appear,  also,  that  the  rate  of  increase 
of  stress  with  increase  of  load  is  p,pproximately  the  same  in  track 
"before  tamping"  as  in  freshly  tamped  track,  the  lines  in  the  load- 

LOAD-STRESS  DIAGRAMS. 
STATIC-LOAD  TESTS  ON  ILLINOIS  CENTRAL   RAILROAD  WITH  LOADING  APPARATUS. 
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Fig.  63. 

stress  diagrams  being  approximately  parallel  for  the  two  cases.  For 
a  rail  of  85-lb.  section  the  stress  in  rail  in  an  untamped  track  was 
found  to  be  as  much  as  6  000  lb.  per  sq.  in.  more  than  in  freshly 
tamped  track,  and  this  was  true  whether  the  load  was  10  000  or 
50  000  lb.  per  axle,  or  whether  the  stress  for  the  freshly  tamped  track 
was  5  000  or  20  000  lb.  per  sq.  in.  Tests  have  not  yet  been  made  to 
determine  what  the  effect  would  be  on  track  in  poor  condition. 

The   stress-distribution   diagrams   give   a  very  good   indication   of 
the  way  the  stresses  vary  along  the  rail  at  points  away  from  the  wheel 
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load,  and  also  the  way  the  moments  change  from  positive  to  negative. 
It  will  be  seen  that  the  shape  of  the  curves  and  the  distribution  of 
stresses  along  the  rail  are  very  similar  to  the  distribution  found  by 
the  anfilysis  heretofore  given,  as  illustrated  in  Fig.  9.  In  a  few 
cases  the  shape  of  the  curves  at  points  away  from  the  load  does  not 
accord  with  analytical  considerations,  the  curvature  being  in  the 
wrong  direction,  but  this  may  have  been  due  to  an  undetermined 
factor  which  entered  into  the  results  when  the  strain  measurement  was 
made  on  only  one  side  of  the  rail. 

,.  '  It  cannot  be  expected  that  the  distance  from  the  load  point  to 
the  point  of  zero-stress  in  the  rail  can  be  determined  with  accuracy 
from  the  stress-distribution  diagram,  because  the  effect  of  the  release 
of  load  on  the  truck  wheels  may  extend  to  the  point  of  zero-stress, 
and  the  slope  of  the  stress-distribution  curve  near  the  point  of  inflec- 
tion is  relatively  flat.  Because  of  these  facts,  and  because  slight 
variations  of  track  conditions  will  greatly  affect  the  stress-distribu- 
tion diagram  in  this  vicinity,  it  is  seen  that  the  point  of  zero-stress 
cannot  be  determined  accurately  and  definitely  by  tests  of  this  nature. 
Although  values  could  not  be  determined  definitely  for  either,  the 
distance  from  the  load  point  to  the  point  of  zero-deformation,  taken 
from  the  depression  profiles,  is  found  to  be  approximately  three  times 
the  distance  from  the  load  point  to  the  point  of  zero-deformation  taken 
from  the  stress-distribution  diagrams,  the  data  for  both  being  taken 
from  the  same  tests  on  freshly  tamped  track — thus  agreeing  with  the 
results  found  by  the  analysis  already  given.         ^  _r  1      ^  ;' 

The  stress-distribution  and  load-stress  diagrams  show  that,  for 
the  same  wheel  load,  the  stress  in  the  rail  under  the  load  is  less  for 
the  two-axle  than  for  a  one-axle  load.  It  is  evident  that,  for  the 
load  spacing  used,  the  effect  of  a  second  load  is  to  produce  a  negative 
moment  in  the  rail  in  the  vicinity  of  the  other  load  point,  and  thus 
this  acts  to  decrease  the  stress  in  the  rail  at  each  load  point.  To 
show  the  effect  of  a  combination  of  two  one-axle  loads,  a  composite 
diagram  has  been  made  up  in  Fig.  64.  The  broken  line  represents 
the  resultant  stresses  found  by  taking  the  stresses  observed  in  a 
typical  one-axle  load  test  and  then  finding  composite  values  by  taking 
the  algebraic  sum  of  the  stresses  for  two  such  loads  66  in.  apart. 
It  is  seen  that  this  composite  line  does  not  differ  markedly  from  the 
full  line  which  represents  experimental  values  from  tests  with  two- 
axle  load.  In  Fig.  64  is  also  given,  by  a  dotted  line,  a  composite 
diagram  for  two-axle  load  obtained  from  the  analysis  outlined  in 
Article  6,  "Combination  of  Wheel  Loads."  This,  also,  is  in  agreement 
with  the  results  obtained  in  the  tests.  •'■^'^  ".!or:.i) 

To  bring  out  the  fact  that  relations  exist  in  the  stresses  and 
moments  along  the  rail  which  vary  with  the  spacing  of  the  wheels 
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and  the  properties  of  the  track,  there  are  given  in  Fig.  65  three 
composite  bending  moment  distribution  diagrams  for  two-axle  loads 
which  were  made  up  by  using  the  analysis  heretofore  given.  The 
upper  one  (a)  is  based  on  a  value  of  x^  (the  distance  from  a  single 
wheel  load  to  the  point  of  zero  bending  moment  in  the  rail)  equal  to 
two-thirds  of  the  distance  between  the  loads;  the  middle  one  (h) 
on  a  value  of  x^  equal  to  one-half,  and  the  lower  one  (c)  on  a  value 
of  x^  equal  to  one-third,  of  the  distance  between  loads.  The  value 
which  may  be  expected  to  apply  to  track  in  any  case  will  depend  on 
(1)  the  spacing  of  the  loads,  (2)  the  rail  section  used,  and  (3)  the 
stiffness  of  the  rail  support. 

In  the  tests  with  two-axle  load  on  85-lb.  rail  the  stress-distribution 
diagrams  for  freshly  tamped  track  generally  show  a  negative  moment 
at  a  point  midway  between  loads.  The  form  of  the  diagram  cor- 
responds to  the  form  obtained  by  using  in  the  analysis  a  value  of  x^ 
(the  distance  from  a  single  wheel  load  to  the  point  of  zero  bending 
moment)  of  about  28  in.  For  rail  of  85-lb.  section,  in  track  not  freshly 
tamped,  the  moment  at  a  point  midway  between  loads,  as  shown  by 
the  diagrams,  runs  from  zero  to  a  positive  moment  of  0.25  of  the 
moment  at  the  load  point,  and  the  stress  at  the  load  points  is  greater 
than  was  found  with  freshly  tamped  track.  For  those  tests  which 
give  a  moment  of  zero  at  the  midway  point,  it  appears  from  the  load- 
stress  diagrams  that  the  track  was  in  much  better  surface  condition 
than  for  the  tests  which  give  the  higher  moment  at  the  midway  point. 
For  the  highest  loads  used  in  these  tests,  it  would  appear,  from  the 
stress-distribution  diagrams,  as  if  the  axis  of  zero-stress  in  the 
diagrams  for  freshly  tamped  track  had  been  lowered  from  5  000  to 
7  000  lb.  per  sq.  in.,  the  stress-distribution  diagrams  for  track  not 
in  freshly  tamped  condition  giving  about  the  same  results  as  this 
changed  diagram. 

For  the  rail  of  100-lb.  section,  the  stress-distribution  diagrams  for 
freshly  tamped  track  show  a  zero  moment  at  a  point  midway  between 
loads.  This  form  of  the  diagram  corresponds  in  the  analysis  to 
a  value  of  the  distance  from  a  single  wheel  load  to  the  point  of  zero 
bending  moment,  x^,  of  about  33  in.,  one-half  of  the  distance  between 
points  of  applied  load.  In  track  not  freshly  tamped,  the  moment  at 
the  point  midway  between  loads  is  found  to  be  positive  and  equal  to 
about  four-tenths  of  the  moment  at  the  wheel  load,  apd  the  stress 
under  the  wheel  load  is  greater  than  for  track  freshly  tamped.  For 
the  higher  loads,  the  same  comment  may  be  made,  the  diagrams  for 
track  not  freshly  tamped  bearing  a  resemblance  to  those  for  freshly 
tamped  track  with  the  axis  of  zero-stress  moved  downward  about  6  000 
lb.  per  sq.  in. 
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COMPOSITE  STRESS  DISTRIBUTION  DIAGRAM 

FOR  TWO  ONE-AXLE  LOADS 

FROM  TESTS  ON  ILLINOIS  CENTRAL  RAILROAD. 

■Load  on  one  Kail,  P=  17  500  lb.  Ties  8  0  long. 
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^3. — Stresses  in  Rail;  Static-Load  Tests  with  Mikado  Locomotive. 
— In  Figs.  66  and  67  are  given  stress-distribution  profiles  for  static- 
load  tests  with  the  Mikado  locomotive  on  rail  of  85-lb.  and  100-lb. 
section  on  the  test  sections  of  track  on  the  Illinois  Central  Railroad. 
For  the  85-lb.  section,  tests  were  made  on  three  depths  of  ballast  and 
two  sizes  of  ties;  for  the  100-lb.  section,  tests  were  made  on  one 
depth  of  ballast.  In  all  these  tests  the  track  was  in  a  freshly  tamped 
condition. 

The  stress-distribution  diagrams  give  a  very  good  indication  of 
the  variation  in  stresses  along  the  rail  with  respect  to  the  position 
of  the  wheel  loads.  The  maximum  stresses  in  the  rail  are  directly 
under  the  wheels,  positive  moment  being  developed  at  these  points. 
Negative  moments  occur  at  points  between  the  wheels.  The  stress 
under  the  inner  two  drivers  is  generally  less  than  that  under  the 
outer  drivers,  and  that  under  the  front  driver  is  generally  somewhat 
greater  than  that  under  the  rear  driver.  In  the  upper  diagram  of 
Fig.  67,  the  stress  inider  the  front  driver  is  quite  low.  The  values 
plotted  on  this  diagram  are  the  average  of  two  tests  at  the  same 
spot,  the  locomotive  used  in  the  second  not  being  the  one  used 
in  the  first  test.  The  results  of  the  two  tests  are  concordant.  Another 
peculiarity  of  this  diagram  is  that  the  stresses  under  the  inner 
drivers  are  higher  than  would  be  expected.  It  will  be  seen  that  tha 
highest  negative  moment  in  all  these  tests  is  between  the  front  truck 
wheel  and  the  front  driver.  The  stress  here  ranges  from  40  to  60% 
of  that  developed  under  the  front  driver.  The  stress  under  the  trailer 
is  nearly  as  much  as  that  under  the  outer  drivers,  although  the  load 
on  the  trailer  is  only  about  three-quarters  as  much  as  that  on  a 
driver.  Comparing  these  stress-distribution  diagrams  with  Fig.  6, 
which  was  obtained  from  the  analysis  of  track  action,  it  is  seen 
that  the  general  form  of  the  ciirves  and  the  way  in  which  the  stresses 
vary  with  respect  to  the  position  of  the  wheel  loads  are  quite  similar. 

In  these  static-load  tests,  strain  measurements  were  made  on  the 
outer  edge  of  the  base  of  the  rail  only.  In  the  moving-load  tests, 
made  after  the  static-load  tests  were  completed,  it  developed  that  there 
were  considerable  differences  between  the  stresses  on  the  two  sides  of 
the  rail.  A  static  test  was  then  made  to  find  whether  a  similar  con- 
dition obtained  when  the  locomotive  was  stationary.  These  tests  showed 
similar  differences  in  the  magnitude  of  the  stresses  on  the  two  sides 
of  the  rail.  The  values  found  for  the  static-load  tests  with  the  loco- 
motive, given  in  Figs.  66  and  67,  then,  may  not  be  expected  to  repre- 
sent accurately  the  average  stress  in  the  base  of  the  rail.  The  differ- 
ence between  the  stress  on  the  outside  of  the  rail  and  the  average 
stress  on  the  two  sides,  as  will  be  shown  later,  has  been  found  to  vary 
i-n  different  tests.  However,  the  results  of  the  strain-gauge  measure- 
ments on  only  one  side  of  the  rail -are  of  interest  and  value  in  a  number 
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STRESS  DISTRIBUTION  DIAGRAMS. 
STATIC-LOAD  TESTS  ON    ILLINOIS  CENTRAL  RAILROAD  WITH   MIKADO  LOCOMOTIVE. 
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STRESS  DISTRIBUTION  DIAGRAMS. 
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of  ways,  and  they  may  be  considered  to  show,  in  a  general  way,  the 
distribution  of  stress  along  the  rail  under  the  given  loading. 

The  tests  on  rail  of  100-lb.  section  gave  lower  stresses,  as  might 
be  expected,  but  the  general  distribution  of  stresses  along  the  rail 
was  much  the  same.  The  effect  of  the  increased  section  of  rail  on 
the  bending  moment  developed  will  be  discussed  later. 

Fig.  67  also  shows  the  stress-distribution  diagram  from  a  prelim- 
inary test  on  a  piece  of  track  with  85-lb.  rail  and  about  6  in.  of  stone 
ballast,  which  had  not  been  specially  prepared  for  the  test.  This 
track  had  not  been  tamped  recently,  but  was  apparently  in  good  con- 
dition. Although,  as  stated  in  Article  38,  "Depression  of  Track; 
Static-Load  Test  with  Mikado  Locomotive",  the  track  depressions 
were  greater  than  for  the  prepared  test  track,  it  is  not  apparent  that 
the  rail  stresses  differed  much  from  those  found  on  the  prepared  test 
track,  but  there  is  much  more  variation  in  stress  for  different  settings 
of  the  locomotive.  Fig.  67  also  gives  the  stress-distribution  diagram 
for  a  preliminary  test  of  track  with  cinder  ballast  about  6  in.  deep 
and  having  85-lb.  rail.  The  stresses  in  the  rail  for  this  track  are 
larger  than  those  for  track  on  stone  ballast.  The  track  had  not  been 
tamped  recently,  and  it  is  not  known  what  part  of  the  increase  was 
due  to  its  condition. 

J^If. — Stresses  in  Bail;  Static-Load  Tests  with  Switching  Locomo- 
tive.— Fig.  68  gives  the  stress-distribution  diagram  for  static  loading 
with  a  switching  locomotive,  as  found  in  an  early  preliminary  test 
on  the  Illinois  Central  Railroad.  The  measurements  are  not  entirely 
trustworthy,  but  both  the  tests  on  stone  and  on  cinder  ballast  with 
85-lb.  rail  give  a  stress  under  the  middle  driver  of  about  80%  of  that 
under  the  front  driver.  One  stress-distribution  diagram  on  Fig.  68 
is  from  an  early  test  on  track  on  a  branch  line  having  worn  56-lb.  rail 
and  cinder  ballast.  The  stress  under  the  front  driver  is  about  40  000 
and  that  under  the  middle  driver  about  35  000  lb.  per  sq.  in.  In  this 
test  the  measurements  were  made  over  a  length  of  track  of  a  few 
tie  spaces,  the  locomotive  being  run  forward  from  time  to  time  so 
that  each  driver  was  successively  spotted  over  the  same  gauge  line. 
The  stresses,  therefore,  may  not  be  the  same  as  though  taken  on  the 
rail  over  the  full  length  of  the  locomotive  at  a  single  setting. 

J^5. — Stresses  in  Bail;  Moving-Load'  Tests. — As  has  been  stated 
in  the  description  of  the  procedure  of  tests,  in  the  moving-load  tests, 
four  or  five  runs  were  generally  made  at  each  of  the  several  speeds, 
the  locomotive  not  working  steam  while  running  over  the  test  section. 
As  shown  in  .Fig.  31,  three  instruments  generally  were  placed  on  one 
rail  at  points  between  ties  and  at  tie  spaces  adjacent  to  each  other. 
The  fourth  instrument  was  placed  on  the  other  rail  opposite'  the 
middle  one  of  the  three  instruments.  As  the  position  of  the  locomo- 
tive driver  was  always  such  that  the  counterweight  of  the  front  driver 
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was  at  its  lowest  point  when  this  driver  passed  over  the  middle  instru- 
ment of  the  three,  the  position  of  the  counterweight  of  the  second 
or  other  driver  when  this  driver  passed  a  given  instrument  was 
different  from  that  of  the  first  driver  when  its  record  was  made.  It 
is  seen,  then,  that  the  tests  were  made  in  such  a  way  as  to  give  the 
same  effect  of  counterweight  in  each  run,  but  that  the  several  drivers 
had  different  positions  of  counterweight  when  passing  an  instrument 
and  making  a  record. 

In  all  the  moving  load  tests  here  reported,  measurement  of  strain 
was  made  on  the  two  sides  of  the  rail  by  each  instrument,  and  the 
average  stress  for  the  two  sides  of  the  rail  is  here  reported.  In  some 
cases  the  record  on  one  side  or  the  other  proved  defective,  and  in  these 
cases  the  good  records  were  used.  As  there  were  four  instruments,  and 
generally  four  or  five  runs  at  each  speed  for  each  set-up,  and  three  set- 
ups at  adjacent  locations,  the  value  of  the  stress  reported  for  a  given 
driver  at  a  given  speed  and  for  a,  given  test  section  is  generally  the 
average  of  about  a  hundred  records,  and  thus  may  be  considered  to 
be  representative.  It  should  be  repeated  that  the  stresses  reported  are 
the  fiber  stresses  in  the  base  of  the  rail  at  the  mid-point  of  the  gauge 
lines  as  reduced  from  the  measured  strains.  As  the  instruments  were 
placed  between  ties,  the  measurement  of  stress  for  positive  moment 
occurred  with  the  driver  between  ties.  The  measurement  of  maximum 
stress  for  a  negative  moment  depended  on  the  wheel  spacing,  occur- 
ring when  the  adjacent  drivers  of  the  Mikado  locomotive  were  over  ties 
and  when  the  drivers  of  the  Atlantic  locomotive  were  between  ties. 

In  Figs.  69  to  91  the  data  obtained  in  the  tests  on  the  Illinois 
Central  Railroad  are  presented  in  graphical  form  for  the  three  types 
of  locomotive  used.  For  each  speed,  the  stress  tmder  each  wheel  has 
been  plotted,  and  also  the  stress  at  the  point  of  maximum  negative 
moment  between  wheels.  The  scale  of  the  stress  is  to  be  taken  as 
beginning  under  the  wheel  for  the  positive  moment  stress  and  at  the 
point  between  wheels  indicated  for  the  negative  moment  stress. 
Straight  lines  have  been  drawn  to  give  the  general  trend  of  the  stresses. 
The  type  of  locomotive  and  descriptive  items  concerning  the  track 
and  its  condition  are  noted  on  the  diagrams.  The  stresses  indicated 
by  the  straight  lines  on  these  diagrams  were  considered  to  be  repre- 
sentative of  the  average  stresses  for  the  given  conditions.  The  aver- 
ages of  all  the  values  given  by  the  straight  lines  have  been  taken  for 
two  speeds,  and  have  been  plotted  for  both  positive  and  negative 
moments  on  Figs.  92  to  97.  As  has  already  been  noted,  the  type  of 
instrument  used  in  the  1915  tests  is  less  accurate  than  the  newer 
instrument,  and  gives  smaller  values  than  the  true  ones.  For  this 
reason,  the  1916  results  will  be  used  for  comparisons  wherever  possible. 

J/6.— Stresses  in  Rail;  Tests  on  D.,  L.  &  W.  R.  R.—Figs.  98  to  101 
give  speed-stress  diagrams  obtained  from  the  data  of  the  tests  on  the 
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Fig.   69-a. 


Mikado  (2-8-2) 


Stress,  in  Pounds  per  Square  Inch. 
Stresses  between  Wheels. 
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SPEED-STRESS  DIAGRAMS. 

MOVING-LOAD  TESTS  ON  ILLINOIS  CENTRAL  RAILROAD 

WITH   MIKADO  LOCOMOTIVE. 


Mikado  (2-8-2) 


Stress,  in  Pounds  per  Square  Inch. 
Stresses  under  Wheels. 


Fig.   70-a. 
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Stress,  in  Pounds  per  Square  Inch. 
Stresses  between  Wheels. 


Fig.  70-b. 
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SPEED-STRESS  DIAGRAMS. 

MOVING-LOAD  TESTS  ON  ILLINOIS  CENTRAL  RAILROAD 

WITH  MIKADO  LOCOMOTIVE. 


Stress,  in  Pounds  per  Square  Inch. 
Stresses  under  Wheels. 


Fig.  71  -a. 


Mikado  (2-8-2) 


Stress,  In  Pounds  per  Square  Inch. 
Stresses  between  Wheels. 


Fig.  71-b. 
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SPEED-STRESS  DIAGRAMS. 

MOVING-LOAD  TESTS  ON  ILLINOIS  CENTRAL  RAILROAD 

WITH   MIKADO  LOCOMOTIVE. 


Mikado  (2-8-2) 


Stress,  in  Pounds  per  Square  Incli. 
Stresses  under  "Wlieel's, 


TiQ.  72-a. 


Mikado  (2-8-2) 


Stress,  in  Pounds  per  Square  Inch. 
Stresses  between  Wheels. 


Fig.  72-b. 
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SPEED-STRESS  DIAGRAMS. 

MOVING-LOAD  TESTS  ON  ILLINOIS  CENTRAL  RAILROAD 

WITH   MIKADO  LOCOMOTIVE. 


Mikado  (2-8-2) 


Stress,  in  Pounds  per  Square  Inch. 
Stresses  under  Wheels. 


Fig.   73-a. 


Mikado  (2-8-2) 

o 


stress,  in  Pounds  per  Square  Inch. 
Stresses  between  Wheels. 


Fig.   73-b. 
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SPEED-STRESS  DIAGRAMS. 

MOVING-LOAD  TESTS  ON  ILLINOIS  CENTRAL  RAILROAD 

WITH   MIKADO  LOCOMOTIVE. 


Mikado  (2-8-r?) 


Stress,  in  Pounds  per  Square  Inch. 
Stresses  under  Wheels. 


Fig.  74-a. 
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Stress,  in  Pounds  per  Square  Inch. 
Stresses  between  vVheeJs. 
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SPEED-STRESS  DIAGRAMS. 

MOVING-LOAD  TESTS  ON  ILLINOIS  CENTRAL  RAILROAD 

WITH  MIKADO  LOCOMOTIVE, 


Stress,  in  Pounds  per  Square  Inch. 
Stresses  under  Wheels. 


Fig.   75-a. 


Mikado  (2-8-2) 
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Stress,  in  Pounds  per  Square  Inch. 
Stresses  between  Wheels. 


Fig.   75-b. 
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SPEED-STRESS  DIAGRAMS. 

MOVING-LOAD  TESTS  ON  ILLINOIS  CENTRAL  RAILROAD 

WITH   MIKADO  LOCOMOTIVE 


Stress,  in  Pounds  per  Square  Inch. 
Stresses  under  Wheels. 


Fig.  76-a. 
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Stress,  in  Pounds  per  Square  Inch. 
Stresses  between  Wheels. 


Fig.  76-b. 
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SPEED-STRESS  DIAGRAMS. 
MOVING-LOAD  TESTS  ON   ILLINOIS  CENTRAL  RAILROAD  WITH  MIKADO  LOCOMOTIVE 
Mikado  (2-8-2) 


Stress,  in  Poundsper  Square  Inch. 
Stresses  under  AVheels. 


Fig.  77-a. 


Stress,  in  Poundsper  Square  Inch. 
Stresses  between  Wheels. 


Fig.  77-b. 
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SPEED-STRESS  DIAGRAMS. 

MOVING-LOAD  TESTS  ON   ILLINOIS  CENTRAL  RAILROAD 

WITH  MIKADO  LOCOMOTIVE. 


Mikado  (2-8-2) 


Stress,  in  Pounds  per  Square  Inch. 
Stresses  under  Wheels. 


Fig.   78-a. 


Mikado  (2-8-2) 


Stress,  in  Pounds  per  Square  Incli. 
Stresses  between  Wlieels. 


Fig.  78-b. 
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SPEED-STRESS  DIAGRAMS. 

MOVING-LOAD  TESTS  ON  ILLINOIS  CENTRAL  RAILROAD 

WITH  MIKADO   LOCOMOTIVE. 
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Stress,  in  Pounds  per.Square  Inch. 
Stresses  under  Wheels. 


Fig.  79 


Mikado  (2-8-2) 
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Stress,  in  Pounds  per  Square  Inch. 
Stresses  between  Wheels. 
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SPEED-STRESS  DIAGRAMS.  ' 
MOVING-LOAD  TESTS  ON  ILLINOIS  CENTRAL  RAILROAD 
WITH   MIKADO  LOCOMOTIVE. 
Mikudo  (2-8-2) 


Stress,  in  Pounds  per  Square  Inch. 
Stresses  under  Wheels. 


P^G.  80-a. 


Mikado  (2-8-2) 
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stress,  in  Pounds  per  Square  Inch. 
Stresses  between  Wheels. 


Fig.  80-b. 


1310 


STRESSES   IN   EAILROAD   TRACK 


SPEED-STRESS  DIAGRAMS. 

MOVING-LOAD  TESTS  ON   ILLINOIS  CENTRAL  RAILROAD 

WITH   MIKADO  LOCOMOTIVE. 
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of  T°ampi^g.  I     Stress,  in  Pounds  per  Square  Inch. 
Stresses  under  Wheels. 


Fig.  81-a. 


Mikado  (2-8-2) 


Stress,  in  Pounds  per  Square  Inch. 
Stresses  between  Wheels. 


Fig.  81-b. 
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SPEED-STRESS  DIAGRAMS. 

MOVINH-LOAD  TESTS  ON  ILLINOIS  CENTRAL  RAILROAD 
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Fig.   82-a. 
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stress,  in  Pounds  per  Square  Ineli. 
Stresses  between  VVrieels. 


Fig.  82-b. 
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MOVING-LOAD  TESTS  ON   ILLINOIS  CENTRAL  RAILROAD 

WITH  ATLANTIC  LOCOMOTIVE. 
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'^T»mp°ng^  I  Stress  in  Pounds  per  Square  Inch. 
Stresses  between  Wheels. 


Fig.  83-b. 
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MOVING-LOAD  TESTS  ON  ILLINOIS  CENTRAL  RAILROAD 

WITH  ATLANTIC  LOCOMOTJVE. 


Stress  in  Pounds  per  Square  Inch. 

Stresses  between  Wheels. 


Fia.  84:-b. 


1314 


STRESSES   IN   RAILROAD   TRACK 


SPEED-STRESS  DIAGRAMS. 

MOVING-LOAD  TESTS  ON  ILLINOIS  CENTRAL    RAILROAD 

WITH  ATLANTIC  LOCOMOTIVE. 
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Stresses  between  WUcels. 


Fig.  85-b. 
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SPEED-STRESS  DIAGRAMS. 
MOVING-LOAD  TESTS  ON  ILLINOIS  CENTRAL  RAILROAD 
WITH  ATLANTIC  LOCOMOTIVE. 
Atlantic  U-4-2) 


Stress,  in  Poundsper  Square  Inch. 
Stresses  betweenWheels. 


Fig.  86-b. 
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SPEED-STRESS  DIAGRAMS- 
MOVING-LOAD  TESTS  ON  ILLINOIS  CENTRAL   RAILROAD  WITH  ATLANTIC  LOCOMOTIVE. 
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Fig.  87-a. 
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SPEED-STRESS  DIAGRAMS- 
MOVING-LOAD  TESTS  ON  ILLINOIS  CENTRAL  RAILROAD  VVITH  ATLANTIC  LOCOMOTIVE*. 
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SPEED-STRESS  DIAGRAMS. 
MOVING-LOAD  TESTS  ON  ILLINOIS  CENTRAL  RAILROAD  WITH  ATLANTIC  LOCOMOTIVE. 

O   O    KJ^X^      o    o 


Atlantic  (4-4-2) 


in  Pounds  per  Square  Incli. 
esses  between  Wheels. 


Fig.   89-b. 


STRESSES   IN    RAILROAD   TRACK 


1319 


SPEED-STRESS  DIAGRAMS- 
MOVING-LOAD  TESTS  ON   ILLINOIS  CENTRAL  RAILROAD  WITH  PACIFIC  LOCOMOTIVE. 
Pacific  (4-6-2) 
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Fig.   90-b. 
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SPEED-STRESS  DIAGRAMS. 

MOVING-LOAD  TESTS  ON  ILLINOIS  CENTRAL  RAILROAD 

WITH  PACIFIC  LOCOMOTIVE. 
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Fig.   91-a. 


Pacific  (4-6-2) 


Stress,  in  Pounds  per  Square  Inch. 
Stresses  between  "Wheels. 


Fig.   91-b. 
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MOVING-LOAD  TESTS  ON   ILLINOIS  CENTRAL  RAILROAD 
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STRESS  DISTRIBUTION  DIAGRAMS. 

MOVING-LOAD  TESTS  ON  ILLINOIS  CENTRAL  RAILROAD 

WITH  ATLANTIC  LOCOMOTIVE. 


15  000- 
10  000- 


o     5  000- 


~  0- 

I  20  000- 
o  15  000- 

a  10  000- 

a 

S    5  000- 


0- 


-5  000- 


Ath 


ntic  (W-;i) 


1^ 


Tests  of  I'Jla. 
Tests  of  1'J16. 


.  5  Miles  per  Hour. 


Miles  per  Hour 


Fig.  95. 


STRESS  DISTRIBUTION   DIAGRAMS. 
MOVING-LOAD  TESTS  ON   ILLINOIS  CENTRAL  RAILROAD 
WITH  ATLANTIC  LOCOMOTIVE. 
-s's- M< i''i- — >)< — 5'i^^— >|< — eV- 


im 


Atlantic  (4-4-2) 


Tests  of  1915. 


5    5  Miles  , 
jper  Hour 


BU  Miles 
]  per  Hour 


Fig.   9« 


STRESS  DISTRIBUTION  DIAGRAMS. 

MOVING-LOAD  TESTS  ON   ILLINOIS  CENTRAL  RAILROAD 

WITH  ATLANTIC  LOCOMOTIVE. 


m    10  000- 

■c 

3     5  000- 


B   15  000- 

K 

o    10  000- 


5  000- 
0- 


h  -5  000- 


Atlantic  (4-4-2) 

1251b.  Rail. 


Fig.   97. 


£ZZ2  Tests  of  1015. 
na  Tests  of  1U16_ 


iMi 


les  per 


STRESSES   IN    RAILROAD   TRACK 


1323 


SPEED-STRESS  DIAGRAMS. 
MOVING-LOAD  TESTS  ON   D.L  &  W.R.R.  WITH  MIKADO  LOCOMOTIVE. 
Mikado  (2-8-2)  ^^^^     /""^  /"^  /^^ 


stress,  in.  Pounds  per  Square  Inch. 
Stresses  under  Wheels. 


Fig.   9S-a. 


Mikado  (2-8-2) 


Stress,  in  Pounds  per  Square  Inch. 
Stresses  between  Wheels. 


Fig.   98-b. 
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SPEED-STRESS  DIAGRAMS. 
MOVING-LOAD  TESTS  ON   D.L  &  W.R.R.  WITH  PACIFIC  FREIGHT  LOCOMOTIVE. 


OOP  r,  n^ 


Stress,  in  Pounds  per  Square  Inch. 
Stresses  under  Wheels. 


Fig.   99-a. 


Pacific  (4-6-2)  (Freight) 


Stress,  in  Pounds  per  Square  Inch, 
Stresses  between  Wheels. 


Fig.  99-b. 
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SPEED-STRESS  DIAGRAMS- 
MOVING-LOAD  TESTS  ON   D.L  &  W.R.R.  WITH    PACIFIC  PASSENGER   LOCOMOTIVE. 


Pacific  (Passenger)  (4-6-2) 


Stress,  in  Pounds  per  Square  Inch. 
Stresses  under  Wheels. 


Fig.   100-a. 


Stress,  in  Pounds  per  Square  Inch. 
Stresses  between  Wheels. 


Fig.  100-b. 
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SPEED-STRESS  DIAGRAMS- 
MOVING-LOAD  TESTS  ON   D.L.   &  W.R.R.  WITH  TEN-WHEEL  LOCOMOTIVE. 
Ten-Wheel  (4-6-0) 


Stress,  in  Pounds  per  Square  Inch, 
Stresses  under  Wheels. 


Fig.  101-a. 


Stress,  in  Pounds  per  Square  Inch. 
Stresses  between  Wheels. 


Fig.  101-b. 
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Delaware,  Lackawanna  and  Western  Railroad  near  Dover,  IST.  J.,  for 
the  four  locomotives  used.  The  values  given  by  the  straight  lines 
on  these  diagrams  have  been  taken  for  two  speeds,  and  have  been 
plotted  for  both  positive  and  negative  moments  in  Figs.  102  to  105. 

Ifl . — Modulus  of  Elasticity  of  Bail-support. — The  term  "modulus 
of  elasticity  of  rail-support"  has  already  been  defined  as  the  pressure 
per  unit  of  length  of  each  rail  required  to  depress  the  track  one  unit. 
It  measures  the  vertical  stiffness  of  the  support  of  the  rail.  The 
magnitude  of  the  modulus  of  elasticity  of  rail-support  is  dependent 
on  a  number  of  elements,  such  as  the  compressibility  of  the  tie  and 
its  flexural  stiffness,  the  breadth  and  length  of  the  tie,  the  tie  spacing, 
the  character  of  the  bearing  of  the  tie  on  the  ballast,  the  thickness, 
solidification,  and  stiffness  of  the  ballast,  the  nature  of  the  roadway, 
and  the  way  in  which  the  pressures  are  distributed  over  it.  As  the 
stresses  developed  in  the  rail  and  the  division  of  load  among  tie 
reactions  are  affected  directly  by  the  magnitude  of  the  modulus  of 
elasticity  of  rail-support,  this  modulus  may  serve  as  one  criterion  of 
the  quality  of  track.  It  will  be  of  interest,  therefore,  to  learn  what 
range  of  values  of  the  modulus  of  elasticity  of  rail-support  may  be 
expected  for  various  kinds  and  conditions  of  track. 

The  definition  of  the  term  implies  that  the  modulus  of  elasticity 
of  rail-support  is  a  constant  for  any  given  condition  of  track,  that 
the  track  has  the  usual  property  of  an  elastic  body.  In  the  discussion 
of  the  data  on  track  depression,  it  was  shown  that  the  depression 
of  track  may  not  be  proportional  to  the  load  applied;  under  such 
conditions,  the  modulus  of  elasticity  of  rail-support  would  not  be  a 
constant.  The  tests  indicate  conditions  of  track  which  may  be 
classified  in  three  groups :  The  plotted  depressions  may  give  a  straight 
line  passing  through  the  origin,  as  at  a,  Fig.  106,  denoting  a  constant 
modulus  of  elasticity — a  condition  which  may  be  expected  in  well- 
tamped  track,  and  where  the  tie  has  a  full  bearing  immediately  below 
the  rail  and  for  some  distance  each  way  along  its  length,  even  when 
only  a  small  load  is  applied.  The  plotted  depression  may  form  a 
straight  line  which  passes  to  the  right  of  the  origin,  as  at  h,  denoting 
that  some  condition  exists  such  as  the  presence  of  some  play  between 
tie  and  ballast  immediately  below  the  rail  necessitating  the  bending 
of  the  tie  before  a  full  and  fair  bearing  is  obtained  along  its  length ; 
in  this  case  the  depression  may  be  found  by  the  use  of  a  constant 
modulus  of  elasticity  of  rail-support  plus  a  constant.  At  c  the  condi- 
tion is  similar,  except  that  the  points  do  not  give  a  straight  line 
relation;  in  this  case  the  relation  of  depression  to  load  may  be 
approximated  by  a  constant  modulus  of  elasticity  of  rail-support 
drawn  to  pass  the  points  somewhat  as  shown  in  the  figure.  For  track 
in  poor  condition,  the  relation  of  depression  to  load  may  be  expected 
to  vary  from  the  straight-line  relation  even  more  than  shown  in  the 
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STRESS  DISTRIBUTION    DIAGRAMS. 
MOVING-LOAD  TESTS  ON  D.L  &W.R.R.  WITH    MIKADO  LOCOMOTIVE. 


"Wt.  on  Drivei'6-'^37  000  lb, 
-lO'l- 


20000 


c    15000- 
S    10000- 
5000- 
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7x9x80  Ties. 

Mikado  (2-8-2) 


CB 


Ph    20000- 
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5  miles  per  hour. 


15000- 


o    10000- 
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n     5000- 

.3 

S  0- 
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^  -5000- 


40  miles  per  houi-. 


FiQ.   102. 

STRESS   DISTRIBUTION    DIAGRAMS. 
MOVING-LOAD  TESTS  ON  D.L  &W.R.R.  WITH  PACIFIC  FREIGHT  LOCOMOTIVE. 


20  000- 


•-ISOOO 


m 


7x9x85  Ties. 

Pacific  Freight  (4-6-2) 
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5000 


.20000 


15000 


10000 


5000 


-5000 


5  miles  per  hour. 

1       1      1     1     1 

50  miles  per  ho 
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Fig.   103. 
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STRESS  DISTRIBUTION  DIAGRAMS. 
MOVING-LOAD  TESTS  ON  D.L.  &  W.R.R.   WITH  PACIFIC    PASSENGER  LOCOMOTIVE. 
-10 'o-^^ f:^ 6  6^^ — :»it 6  6-^^ — ^^ — 4'7">|<- 6'l0- 


2000G- 


£15000- 


10000- 


5000- 


^  20000- 


^  15000- 
o  10000- 


n  5000- 
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-5000- 


7"x9'x  8'c'Tics. 

Pacific  (4-6-2) 


Fig.   104. 


5  miles  per  hour. 


I     r 


GO  miles  per  ho 


STRESS  DISTRIBUTION    DIAGRAMS.  i 

MOVING-LOAD  TESTS  ON  D.L.  &  W.R.R.  WITHTEN-WHEEL  LOCOMOTIVE. 
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Ten- Wheel  Tj-pe  (4-6-0) 


Fig.   105. 
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TABLE  4. — Values  of  Modulus  of  Elasticity  of  Eail-Support. 


Depth 
of 

Size  of 
ties,  in 
inches. 

Condi- 
tion of 
tamping. 

85-Lb.    Bail. 

100-Lb.   Rail. 

125-Lb. 

Rail. 

ballast, 

in 
inches. 

Loco- 
motive. 

One- 
Axle. 

Two- 
Axle. 

Loco- 
motive. 

One- 
Axle. 

Two- 
Axle. 

Loco- 
motive. 

One- 
Axle. 

!i4 

6  by  8 

Before 

1  170 
1  190 
1  640 

1  180 

1  090 

1  100 

1  640* 

1  oso 

1  030 
880 

1  830* 

1  600 

1  330 

1  180 

1  000 

1  090 

1  690 

24 

6  by  8 

After 
rage 

1  650 
1  660 

1  510 

1  710 
1  430 

I  540 
1  430 
1  800 
1  830 
1  380 

1  920 

Ave 

1  570 

1  560 

2  010 

1  630 

1  510 

1  570 

1  590 

1  830 

Size  of 
ties,  in 
inches. 

85-Lb. 

Rail. 

Depth  of 
ballast. 

Before  Tamping.                 i                 After  Tamping. 

Loco- 
motive. 

One- 
Axle. 

Two- 
Axle. 

Loco- 
motive. 

One- 
Axle. 

Two- 
Axle. 

12 

6  by  8 
Avera 

830* 

910* 

930* 

1  270* 

I  310* 

910* 
950* 

990 
1  040 
1  000 

810 

1  000 

940 

910 

870 

1  030 

930 

1  010 

920 

890 

13 

7  by  9 
Avera 

1  300 
1  500 
1  060 
1  190 

800 
870 
950 

1  230 
1  110 
1  150       • 

880 

1  170 

980 

1  260 

870 

1  160 

1  170 

930 

6  by  8 
Avera 

9T0 

990 
1  100 
1  030 
1   ISO 

6 

950 

810         1           880 

III 

■         .. 

1   030                      920 

1  080 

*  This  track,  marked  as  '•  before  tamping,"  seemed  to  be  in  as  good  condition  as  "  after 
tamping." 
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figure.  As  conditions  of  track  vary  greatly,  the  relation  between  track 
depression  and  load  may  be  expected  to  cover  a  considerable  range 
of  values  and  conditions.  It  is  evident  that  the  constant  modulus  of 
elasticity  of  rail-support  applies  very  well  to  the  conditions  of  best  track, 
and  that,  for  poor  and  indifferent  track,  the  actual  relation  between  de- 
pression and  load  departs  considerably  froin  a  straight-line  relation. 

Values  of  the  modulus  of  elasticity  of  rail-support  have  been 
calculated  from  the  data  of  the  track  depressions  by  adding  the 
depressions  at  the  several  ties  for  the  length  of  the  depressed  track 
or  for  the  length  for  which  the  loads  used  are  considered  to  affect  the 
track  depressions.  The  total  load  on  the  wheels  within  the  length 
used  was  then  divided  by  the  number  of  ties  in  this  length,  and  by 

Ofi^    )(.>   p?    ;;mj    ■  TYPICAL  LOAD-DEPRESSION  DIAGRAMS. 
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Rail  Depression,  in  Indies. 
Fig.  106. 


the  tie  spacing,  in  inches.  The  values  of  the  modulus  of  elasticity  of 
rail-support  are  thus  given  in  pounds  per  inch  of  length  of  rail  per 
inch  of  depression.  The  symbol,  u,  is  used  to  represent  it.  A  contin- 
uous load  of  u  pounds  per  inch  of  rail  on  each  rail  would  depress  the 
track  1  in.  For  the  locomotive  loading,  in  computing  the  modulus  of 
elasticity  of  rail-support  the  total  track  depression  was  used;  the 
static  tests  with  locomotive  were  all  made  on  track  in  well-tamped 
condition.  For  the  one-axle  and  two-axle  load  tests,  the  lines  of  the 
load-depression  diagrams  were  studied,  and  here  some  allowance 
was  made  for  the  play  at  light  load  for  track  conditions  which  gave 
indications  of  such  play,  net  track  depressions  being  used  for  the 
calculations.     In  some  cases  a  general  compromise  straight  line  was 
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used.  The  values  reported  are  given  tentatively,  and  may  need  empiri- 
cal modifications  later  in  order  to  fit  into  other  experimental  data. 
1  >  Table  4  gives  the  values  of  the  modulus  of  elasticity  of  rail-support 
as  calculated  from  the  track  depressions.  The  conditions  of  track 
are  not  stated  very  definitely,  but,  even  in  track  marked  "before 
tamping",  the  track  was  in  good  surface,  and  only  in  a  few  instances 
was  it  in  need  of  tamping.  The  values  derived  from  the  tests  for  the 
different  methods  of  loading  on  the  same  track  agree  very  well.  There 
seems  to  be  some  tendency  toward  a  higher  value  of  the  modulus 
in  the  track  having  the  heaviest  rail.  It  is  apparent  that  the  character 
and  condition  of  the  track  greatly  influence  the  magnitude  of  the 
modulus  of  elasticity  of  rail-support.  The  value  for  the  modulus  on 
the  track  of  the  Illinois  Central  Railroad  with  24-in.  ballast  may  be 
taken  as  about  1  600  lb.  per  in.  per  in.  This  test  stretch  is  on  the 
north-bound  track.  For  the  track  on  6-in.  and  12-in.  ballast,  the  values 
are  in  the  neighborhood  of  1  000,  except  for  the  track  on  7  by  9-in.  ties, 
where  the  values  are  higher,  say,  about  1200.  These  last-named 
stretches  of  test  track  are  on  the  south-bound  track.  Although  the  em- 
bankment for  the  two  tracks  was  built  at  different  times,  it  is  not  known 
that  the  two  parts  of  the  embankment  have  any  special  differences  in 
condition.  In  all  these  test  stretches,  there  is  a  tie  spacing  of  22  in. 
where  the  tests  were  made.  For  the  track  used  for  freight  service, 
which  was  ballasted  with  6  in.  of  cinders  in  not  very  compact  condition, 
the  value  of  the  modulus  of  elasticity  of  rail-support  is  about  750. 
For  the  track  of  the  Champaign  and  Havana  Branch  of  the  Illinois 
Central  Railroad,  with  about  6  in.  of  fine  cinder  ballast  above  a  light 
embankment  of  loam,  tie  spacing  varying  from  22  to  26  in.  (56-lb. 
rail),  the  modulus  of  elasticity  of  rail-support  found  was  about  530. 
At  the  time,  the  track  was  not  in  good  condition  at  the  point  where 
the  test  was  made.     Some  of  the  ties  were  partly  decayed. 

For  the  track  of  the  Delaware,  Lackawanna  and  Western  Railroad, 
information  on  the  depression  of  track  and  the  condition  of  the 
track  is  not  complete,  and  only  an  estimated  value  of  the  modulus 
of  elasticity  of  rail-support  can  be  given.  This  track  was  evidently 
stiffer  than  that  of  the  Illinois  Central  Railroad.  The  value,  2  200 
lb.  per  in.  per  in.,  is  probably  representative  of  this  track.  The  track 
had  18  in.  of  trap  rock  ballast  below  the  tie,  and  the  material  of  the 
roadway  below  was  such  that  it  was  very  solid.  The  spacing  of  the 
7  by  9-in.  by  8  ft.  6-in.  ties  averaged  about  22  in. 

^8. — Bending  Moment  Coefficient  and  Stresses  in  Rail. — It  will  be 
convenient,  in  making  calculations  and  comparisons,  to  use  the  term 
"bending  moment  coefficient"  as  the  coefficient  by  which  the  wheel 
load,  P,  may  be  multiplied  to  find  the  bending  moment  in  the  rail 
at  a  given  jwint.  Generally,  the  term  will  refer  to  the  bending  moment 
directly  under  a  w^heel  load.     In  the  case  of  a  combination  of  wheels, 
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the  moment  under  a  wheel  will  be  expressed  in  terms  of  the  wheel 
load  at  the  given  point.  The  bending  moment  coefficient  will  also 
be  used  in  connection  with  the  maximum  negative  bending  moment. 
In  this  case,  the  wheel  load  used  in  connection  with  the  coefficient 
should  be  specified.  The  symbol,  K,  will  represent  the  bending  moment 
coefficient.  The  sections  of  the  rails  used  in  the  tests  are  shown  in 
Fig.  107.  The  properties  of  the  sections  are  given  in  Table  5.  In 
columns  marked  S,  in  Table  6,  are  recorded  fiber  stresses  in  base  of 
rail  derived  from  the  tests  on  the  Illinois  Central  Railroad,  the  values 
being  averages  of  those  plotted  in  Figs.  69  to  91.  The  stresses  are 
given  in  thousands  of  pounds  per  square  inch.  Corresponding  values 
of  the  bending  moment  coefficients  are  given  in  the  columns  to  the 
right  of  the  stresses   (marked  K).     These  were  calculated  from   the 

SI 

stresses    by    the    usual    formula,    M  =  KP  =  — ;-.      For    the    negative 

moments  between  drivers,  the  average  load  on  the  adjacent  drivers 
was  used  as  P.  For  the  negative  moments  between  a  driver  and  a 
truck  or  trailer,  the  load  on  the  adjacent  driver  was  used  as  P.  It 
should  be  borne  in  mind  that  the  tests  were  made  on  stretches  of  track 
having  differing  track  conditions,  and,  in  making  comparisons,  this 
should  be  taken  into  consideration. 

TAELE  5. — Properties  of  Sections  of  R\ils  Used  in  Tests. 


Rail  section. 


Area, 


square 
inches. 


Moment  of  Inertia. 


For 

horizontal 

axis. 


For 

vertical 

axis. 


Section  MonnLus. 


Horizontal  Axis. 


Base. 


Head. 


Vertical 
Axis. 


Base. 


851b.    Km.    Soc.   C.    E. 

(worn) 

100-lb.  Am.  Soc.  C.  E.... 

105-lb.  D.  L.  &W 

125-lb.  P.  R.  R 


7.85 
9.84 
10.33 
12.30 


27.0-in.4 
44.0    " 

47.6  " 

68.7  " 


7.3-in.* 
10.7    " 
10.0    " 
13.4    " 


ll.l-in.3 

16.1  •• 

17.2  " 
22.9    " 


lO.l-m. 

14.5  •' 
14.7    " 

19.6  •' 


2.79-in.3 
3.72    " 

3.72    " 

4.87    " 


Table  7  gives  stresses  and  bending  moment  coefficients  obtained  in 
a  similar  manner  from  the  tests  on  the  track  of  the  Delaware,  Lack- 
awanna and  Western  Railroad. 

The  bending  moment  coefficients  found  in  the  tests  with  the 
several  types  of  locomotive,  given  in  the  foregoing  tables,  are  shown 
diagramatically  in  Figs.  108  to  117. 

In  Fig.  118  the  stresses  in  the  rail  at  speeds  of  5  miles  per  hour 
and  35  or  60  miles  per  hour,  taken  from.  Table  6,  are  plotted  for  the 
three  sections  of  rail. 

Discussion  of  the  results  given  in  these  tables  and  diagrams  will 
be  found  in  the  following  pages. 
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SECTIONS  OF  THE  RAILS  USED  IN'TESTS. 
h ^ 


53J« 

85-lb.  Am.  Soc.  C.E, 
(Worn) 


-^z      i- 


lOO-lb.  Am.  Soc.  C.E. 


125-lb.  Penn.  R.R. 


105-lb.  D.L.  &  W.  R.  R. 


Fig.  107. 
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lt9. — Effect  of  Speed. — The  position  of  the  plotted  points  in  Figs. 
69  to  91  indicates  that  a  rectilinear  relation  between  stress  in  rail 
and  speed  of  locomotive  fits  the  data  more  generally  and  more  satis- 
factorily than  any  other  form.  The  variations  of  the  plotted  points 
from  the  straight  lines  of  the  diagrams  are  generally  not  greater  than 
may  be  expected  when  variations  in  conditions  of  track  and  locomotive, 
errors  of  instruments  and  observations,  and  other  accidental  causes 
of  variation  are  taken  into  account.  Generally,  for  any  test,  the  lines 
of  a  diagram  are  parallel,  or  nearly  so. 

DIAGRAM  OF  BENDING  MOMENT  COEFFICIENTS, 
FROM   MOVING-LOAD  TESTS  ON  ILLINOIS  CENTRAL  RAILROAD 
WITH   MIKADO  LOCOMOTIVE. 
lO'O^ ^ — 5-6^^— >H 5-6^^-4^ o'6^^^|< 8-8- 
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Mikado  (2-8-2)       EZZ3  Tests  of  I91.5. 
■■1  Teetsof  1916. 


-2.0- 


I 


rzE 


¥ 


3  Miles  per  Hour.l 


I 


g  10.0- 


8.0- 


6.0- 
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Ezia 


ti 


:35  Miles  per  Hour] 


I 


Fig.  108. 


Table  8  gives  values  of  the  increase  in  stress  due  to  speed,  as 
obtained  from  the  rectilinear  relation  of  the  diagrams.  In  the  col- 
umns marked  A,  the  increase  is  expressed  as  pound  per  square  inch 
increase  in  stress  for  each  mile  per  hour  increase  in  speed  greater  than 
5  miles  per  hour.  In  the  columns  marked  B,  the  effect  of  speed  is 
given  as  a  percentage  of  the  stress  in  the  rail  at  5  miles  per  hour 
for  each  mile  per  hour  increase  of  speed  greater  than  5  miles  per  hour. 


1338 


STRESSES   IN   RAILROAD   TRACK 


It  will  be  seen  that  the  values  for  the  increase  for  positive  moment 
range  from  about  0.3  to  1.2%  increase  for  each  mile  per  hour  increase 
in  speed.  Values  higher  than  0.9%  are  found  in  a  number  of  cases. 
The  increases  found  in  the  tests  on  the  Delaware,  Lackawanna  and 
Western  Railroad,  given  in  Table  9.  are  of  the  same  character,  but 
the  values  are  somewhat  smaller  than  those  found  in  the  tests  on 
the  Illinois  Central  Railroad. 

DIAGRAM  OF  BENDING  MOMENT  COEFFICIENTS, 

FROM   MOVING-LOAD  TESTS  ON  ILLINOIS  CENTRAL  RAILROAD 

WITH  MIKADO  LOCOMOTIVE. 
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5  Miles  p..T  Hour 


■  35  Miles  per  Hour 


FIG.    109. 

It  will  be  noted  that  the  effect  of  speed  for  the  several  wheels  and 
for  the  different  rail  sections  given  in  the  tables  shows  considerable 
variation.  The  cause  of  these  variations  is  not  known.  It  may  be 
due  partly  to  the  track,  partly  to  the  locomotives,  and  partly  to 
accidental  conditions  of  the  runs  of  the  tests.  Although  the  runs 
were  all  made  with  the  counterweight  in  its  lowest  position  as  it  passed 
the  middle  instrument,  some  of  the  tests  were  made  with  the  three 
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DIAGRAM  OF  BEf>JDING  MOMENT  COEFFICIENTS, 
FROM  MOVING-LOAD  TESTS  ON  ILLINOIS  CENTRAL  RAILROAD 
WITH  MIKADO  LOCOMOTIVE. 
-10-0^^ :5i^5-6— J^ 


125-lbRaU 


Mikado  (2-8-2) 


U.O- 
10.0- 
8.0- 
6.0- 
4.0- 
2.0- 

^         0- 

o 
3 
E  -2.0- 

cj 

O 

-    110- 

I  ^''■°" 

c    10.0- 

■5 

6.0- 
4.0- 
2.0- 


Testeof  1915. 
Tests  of  1016, 


I 


I 


:  JMJles  per  Hour 


TiljA'i 


'  3.J  Jliles  per  Hour 


-2.0- 


-4.0- 


PiG.   110. 


■rral 
;ijjIbv 


1340 


STRESSES  IN   RAILROAD   TRACK 


instruments  on  the  rail  at  the  right  side  of  the  locomotive  and  some 
with  the  three  instruments  at  the  left  side;  hence,  in  one  case  the 
counterweights  on  the  other  side  of  the  locomotive  opposite  the  three 
instruments  were  ahead,  and  in  the  other  case  behind,  the  position 
of  the  middle  instrument.  A  study  of  the  tests  shows  no  variations 
traceable  to  these  differences  of  conditions. 

TABLE  7.-  Stresses  in  Rail,  S,  and  Bending 

Moment  Coefficients,  K^  from  Moving-Load  Tests  on 

Delaware,  Lackawanna  and  Western  Railroad. 


The  heavier  rail  section  appears  to  give  a  somewhat  higher  pro- 
portional increase  of  stress  with  increase  of  speed  than  the  lighter. 
The  indications  in  the  tests  on  track  of  the  Illinois  Central  Railroad 
are  that  the  Mikado  locomotive  gives  a  rate  of  increase  somewhat 
greater  than  the  Atlantic  and  the  Pacific.  The  tender  trucks  give  a 
still  higher  rate  of  increase,  though,  of  course,  the  amount  of  the  stress 
is  less  than  that  under  the  drivers. 

The  proportional  increase  in  the  stress  for  negative  moment  is 
large  and  rather  irregular,  as  would  be  expected  from  the  smaller 
value  of  this  stress  and  the  greater  variations  of  conditions  to  which 
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DIAGRAM  OF  BENDING  MOMENT  COEFFICENTS, 
FROM  MOVING-LOAD  TESTS  ON  ILLINOIS  CENTRAL  RAILROAD 
WITH  ATLANTIC  LOCOMOTIVE. 
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DIAGRAM  OF  BENDING  MOMENT  COEFFICENTS, 
FROM  MOVING-LOAD  TESTS  ON  ILLINOIS  CENTRAL  RAILROAD 
WITH  ATLANTIC  LOCOMOTIVE. 
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FIG.    112. 
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DIAGRAM  OF  BENDING   MOMENT  COEFFICIENTS, 
FROM  MOVING-LOAD  TESTS  ON  ILLINOIS  CENTRAL  RAILROAD 
I                                WITH  ATLANTIC   LOCOMOTIVE. 
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DIAGRAM  OF  BENDING  MOMENT  COEFFICIENTS, 

FROM  MOVING-LOAD  TESTS  ON  DELAWARE,  LACKAWANNA  &  WESTERh/ 

RAILROAD  WITH  MIKADO  LOCOMOTIVE. 
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DIAGRAM  OF  BENDING  MOMENT  COEFFiCENTS, 

FROM   MOVING-LOAD  TESTS  ON   D.L.  &  W.R.R., 

WITH  PACIFIC  FREIGHT  LOCOMOTIVE. 
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DIAGRAM    OF    BENDING  MOMENT  COEFFICIENTS, 
FROM   MOVING-LOAD  TESTS  ON  D.  L.  &  W.  R.R., 
WITH  PACIFIC  PASSENGER  LOCOMOTIVE. 
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DIAGRAMS  OF  BENDING  MOMENT  COEFFICIENTS. 
FROM   MOVING-LOAD  TESTS  ON  D.,L.   &    W.R.R.,  WITH    TEN-WHEEL  LOCOMOTIVE. 
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STRESSES  IN   RAIL  FOR  THREE  RAIL  SECTIONS, 
FROM  TESTS  ON   ILLINOIS  CENTRAL  RAILROAD. 


;             ;                   : 

1 

■^ 

1  -  r\nr\ 

v*^ 

""•"i*^ 

'"^ 

. 

^..^^ 

-==d-7V7r 



■ J 

— . 

"— ~. 

fezr 



-ii^ 

I^T'^^T^'^^fe:^ 

z 

4 1 

pDpT 

_ 

ii  '*""■  J 

-— i 

' 

'^''t'r         "  -*- 

..^. 

Ja 

X( 

T 

VIikaclo-5  nii.  per  hr 

Atlantic -5  ml.  per  h 

• 

^ 

r» 

1 

^            n  - 

(n            0 

•o 

c 

«i?^ 

3 

^tt     1 

'**«»L 

h^ 

'^^^ 

^^g 

^_ 

T 

^ij£r 

'"■^..^^ 

^-<s 

— 

— ***..^ 

r 

2iig 

4^:- 

1 

^ 

■^■■^ 

1 

>-.    "^*- 

.«..,^ 

r- 

1 

'•'i-eri   — ^ 

"—•*—... 

pi 

"■*——< 

, 

-, 

''"'ei-.v 

, 

•5 

1 

P 

lika<;lo-35nii.  per  h 

tlantic-GO  mi.  per  h 

*  • 

Tests  of  1916 

I 

I           1 

n 

1           1 

°8 

2ooooq 

43  15  000- 

5     !> 

0            100           no            120  12.j        85     90            iOO           110           120    125 
"Weight  of  Rail,  in  Pounds  per  Yard. 

^_ 

N 

V 

V 

^^..^ 

^^ 

^ 

-Driyl 

"'-^ 

J^k^ 

—         ~ 

*~ 

ers— 

£  10  000- 

~^a7^ 

On  vers 

" 

^          ~ 

"^ 

aile,. 

1^ 

- 

D 

o" 

o. 

J 

Jikado-5rai.  per  lir 

Ltlantic-5  mi.  per  h 

- 

-S        0 

"• 

P          : 

■ — 

s  ~- 

'^■^^^ 

•5 

"v 

i-v.-D 

, 

'"■*>»^^ 

-^== 

riye) 

r-<                          ^ 

■*>s.^ 

>~*     t  -    r»nrv 

■**«^'"'** 

■**..^^ 

^   -— 

_^^ 

^ 

-rra; 

HpF^ 

"^ 

C 

^ 

1 

.^ 

A 

->:.-br 

1 

CD     ,  „    r4rt/-\ 

^'■'veis 

^  10  000: 

*->                    ' 

— 

CC 

Likado-3ii  mi.  per  hi 

tlantic-iiO  ml.  per  h 

f  i\t\r\ 

*  • 

- 

Tests  of  1915 

1           \'  ' 

1           1 

i> 

5     9 

0 

IC 

0 

11 

w 

LO 

eigli 

12 
tof 

F 

0  12 
Rail 

IQ.    ] 

5        8. 
in  Pf 

118. 

)     9 
una 

3 

s  pe 

IC 
rYa 

0 
■d. 

11 

0 

12 

0    12 

3 

STKESSES   IN    RAILROAD   TRACK 


1349 


TABLE  8.— Increase  in  Stress  in  Rail  Due  to  Speed. 
Tests  on  Illinois  Central  Railroad. 


1  s. 

lii 

i  - 

>* 

o    O   O 

o 

( 

^~5^^  Mikado 

(2-8-;i) 

.4 

B 

A 

B 

A 

B 

A 

B 

A 

B 

A 

B 

A 

B 

A 

B 

A 

B 

.4 

B 

.1 

B 

85 

I'.UJ 

132 

093 

53 

0  9S 

120 

0.82 

56 

1 .73 

96 

0.77 

53 

1.30 

120 

1.10 

.53 

1.60 

107 

0.71 

60 

1.28 

81 

0.95 

85 

I'.ilO 

lUS 

0.0! 

21 

0.1) 

78 

0.11 

3.9 

0.95 

29 

O.IS 

21 

0.12 

81 

0.^9 

11 

I.'iO 

72 

O.ll 

39 

0.77 

SO 

0,73 

100 

1915 

75 

0,03 

21 

0.51 

93 

U.lh 

18 

1.90 

91 

0.88 

S5 

1.50 

77 

0.77 

38 

1.50 

102 

0.C5 

38 

1.20 

85 

1  iJO 

125 

iyi5 

57 

0.51 

62 

1.50 

50 

U.19 

07 

2.90 

55 

0.58 

57 

2.10 

62 

0.77 

62 

2.40 

55 

0.58 

59 

1.7(1 

51 

0.98 

125 

I'.iie 

85 

0.78 

32 

0.S7 

70 

0.65 

28     |0.83 

90 

0.92 

30 

l.OO 

73 

Ofl 

43 

i.to 

ll.=i 

l.-io 

35 

\.i'- 

95 

1,50 

c 

1  o 

( 

r 

J 

Atlantic  (4-4-2) 

N 

A 

B 

A 

B 

A 

B 

A 

B 

.4 

B 

A 

Z? 

.4 

B 

A 

B 

A 

B 

85 

1915 

96 

0.65 

3U 

0.5(1 

53 

0.29 

32 

0.76 

53 

0.30 

40 

1.10 

91 

2  10 

63 

1.30 

93 

1.30 

85 

1910 

133 

0.84 

25 

0.15 

59 

0.33 

32 

0.05 

119 

0.61 

3t 

0.91 

101 

i 

41 

1.20 

95 

1.20 

100 

1915 

71 

0.60 

40 

0.93 

116 

O.SO 

5 

(I.U 

58 

0.10 

9 

0.32 

55 

1.50 

10 

1.80 

82 

i.OO 

125 

I9I5 

82 

0.90    31 

O.Sl 

02 

0.59 

13 

0  42 

73 

0.63 

31 

1.20 

6ii 

1.70 

38 

1,50 

09 

1.50 

125 

1916 

121 

1.20    28 

0.71 

82 

0.72 

27 

0.71 

75 

0.63 

3.5 

1.10 

95 

2.10 

29 

0.88 

80 

1.30 

o 

o 

) 

c 

J 

) 

o 

Pacific  (4-6-2) 

\ 

-^     , 

^ 

—^y    ' 

A 

B 

.4 

B 

.4 

B 

A 

B 

A  !  B 

A 

B 

A 

\B 

A 

B 

A 

B 

A      B 

A 

B 

85 

1915 

6() 

0.13 

47 

o.ss 

58 

0.10 

0 

0.12 

60 

|o.43 

13 

0.30 

66 

0.50 

36 

1.40 

53 

0.68 

27    0.75 

28 

0.35 

1 

1 

125 

1916 

73 

0.65 

-2 

-0.04 

62 

0.61 

5.5 

0.12 

57 

|0.52 

11 

0.23 

86 

0.84 

35 

0.91 

118 

2.30 

21   |0.17 

100 

1.00 

it  is  subjected.  The  sum  of  the  stresses  for  positive  and  negative 
moment  shows  greater  uniformity  in  the  tests  than  does  either  set  of 
stresses. 

Exceptions  from  uniformity  of  action  are  found  in  the  tests.  In 
Fig.  82,  the  stresses  under  the  rear  driver  are  less  at  high  speeds 
than  at  low  speeds,  and  the  data  at  the  several  speeds  are  consistent. 
In  other  instances,  one' driver  or  one  truck  wheel  shows  a  much  higher 
increase  with  speed  than  do  the  other  wheels.  ■ 

It  should  be  remembered  that  the  diagrams  and  tests  give  the 
average  of  a  large  number  of  runs,  and,  of  course,  the  increases  found 
for  individual  runs  are  considerably  greater  than  the  average  values. 

No  discussion  of  the  cause  of  the  increased  stress  at  the  higher 
speeds  will  be  made  at  the  present  time. 

50. — Influence  of  Rail  Section. — In  structural  members,  the  bending 
moment  for  a  given  load  is  usually  independent  of  the  section  of  a 
beam  or  girder  which  carries  load,  and  the  fiber  stress  in  the  beam 
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is   inversely  proportional  to   the    section    modulus,  — .      For  the    track 

c 

structure,  it  has  been  shown  by  analysis  that,  for  a  one-axle  load, 
the  bending  moment  developed  varies  with  the  rail  section,  becoming 
larger  as  the  moment  of  inertia  of  the  section  is  increased;  and,  there- 
fore, in  calculating  the  fiber  stress  produced  by  a  given  load  in  a 
given  rail  section,  the  value  of  the  bending  moment  developed  with 
the  use  of  that  rail  section  must  be  known.  For  a  two-axle  or  a 
three-axle  load,  or  for  a  combination  of  driver  loads  and  truck  wheel 
loads,  the  magnitude  of  the  bending  moment  will  still  be  dependent 
on  the  rail  section,  but  not  to  the  same  extent  as  with  a  single  load; 
and  the  influence  of  the  rail  section  on  the  bending  moment  developed 
will  also  depend  on  the  wheel  spacing.  The  general  analytical  relations 
involving  the  effect  of  the  rail  section  on  the  bending  moment  have 
already  been  derived.  Values  found  from  the  tests  will  now  be  pre- 
sented. It  will  be  most  convenient  to  use  in  the  discussion  the  bending 
moment  coeificient,  K,  by  which  the  wheel  load,  P,  may  be  multiplied 
to  get  the  bending  moment  at  the  load  or  at  a  point  between  loads. 

The  results  are  presented  graphically,  the  values  of  the  bending 
moment  coefficients  obtained  at  the  drivers  and  other  loads  being 
plotted  against  the  moment  of  inertia  of  the  rail  section.  Fig.  119 
gives  the  values  from  the  tests  on  the  Illinois  Central  Railroad  for 
one-axle  and  two-axle  loads  applied  statically  and  for  three  types  of 
locomotive  at  two  speeds.  The  values  at  the  left  of  each  diagram, 
plotted  for  a  moment  of  inertia  of  27,  are  results  obtained  with  the 
worn  85-lb.  rail  (see  Table  5  for  properties  of  the  rail  sections).  The 
values  at  the  right  of  each  diagram,  plotted  for  a  moment  of  inertia 
of  68.7,  are  results  obtained  with  the  125-lb.  rail.  In  the  case  of  the 
one-axle  and  two-axle  loads,  results  are  also  given  for  the  100-lb.  rail, 
the  moment  of  inertia  of  the  section  being  44.  The  moving-load  tests 
with  the  Mikado  and  Atlantic  locomotives  on  the  100-lb.  rail  were  made 
in  1915,  and,  therefore,  with  the  old  form  of  stremmatograph ;  the 
tests  with  the  85-lb.  and  125-lb.  rails,  the  results  of  which  are. plotted  on 
Fig.  119,  were  made  in  1916  with  the  new  form  of  stremmatograph.  For 
this  reason,  the  tests  with  the  Mikado  and  Atlantic  locomotives  on  the 
100-lb.  rail  are  not  plotted.  Only  1915  tests  are  available  for  the 
Pacific  locomotive  and  the  85-lb.  rail ;  in  comparing  with  the  bending 
moment  coefficients  for  the  125-lb.  rail  from  the  1916  tests,  it  should 
be  kept  in  mind  that  the  1915  values  are  probably  somewhat  low. 
For  convenience  in  comparing  results,  lines  have  been  drawn  con- 
necting corresponding  points. 

The  upper  left  diagram  of  Fig.  119  gives  values  of  the  bending 
moment  coefficient  for  the  one-axle  load  tests  with  the  three  rail 
sections.  In  the  static-load  tests  as  readings  were  taken  on  only  one 
side  of  the  rail,  except  in  the  1917  tests,  the  values  may  not  be  directly 
comparable,   though,   for   this   form   of  test,   not   much  variation   has 
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been  found  for  the  two  sides  of  the  raiL  It  is  seen  that  the  heavier 
rail  gives  a  much  higher  bending  moment  coefficient  than  the  lighter. 
If  the  difference  in  the  track  conditions  is  taken  into  account,  the 
125-lb.  rail  being  on  track  v?ith  24-in.  ballast,  which  gave  a  higher 
modulus  of  elasticity  of  rail-support  than  that  of  the  track  on  which 
the  tests  of  85-lb.  rail  here  used  were  made,  the  contrast  becomes 
greater.  Fig.  119  also  gives  the  analytical  values  of  the  bending 
moment  coefficients  for  a  one-axle  load  based  on  the  probable  values 
of  the  modulus  of  elasticity  of  rail-support  used  in  the  tests,  1  000  in 
one  case  and  1  600  in  the  other.  The  trend  of  the  analytical  values 
is  much  the  same  as  that  derived  from  the  test  data. 

The  upper  right  diagram  of  Fig.  119  gives  values  of  the  bending 
moment  coefficient  corresponding  to  the  observed  stress  found  in  the 
three  rail  sections  for  the  two-axle  load  tests.  The  wheel  spacing  is 
66  in.  The  analytical  values  of  the  bending  moment  coefficients  are 
also  given.  The  same  values  of  the  modulus  of  elasticity  of  rail- 
support  are  used  as  for  the  one-axle  load  tests.  The  trend  of  the  values 
shows  higher  bending  moment  coefficients  for  the  heavier  rail  sections. 

Fig.  119  also  gives  values  of  the  bending  moment  coefficients  corre- 
sponding to  the  stresses  observed  in  the  moving-load  tests  with  the 
Mikado,  Atlantic,  and  Pacific  locomotives.  Values  are  given  for  speeds 
of  5  and  35  or  60  miles  per  hour.  The  bending  moment  coefficients 
for  the  heavier  rail  sections  are  markedly  larger  than  for  the  lighter 
sections,  and  this  is  true  for  the  drivers  and  the  trailer.  The  values 
of  the  coefficients  of  negative  bending  moment  are  not  plotted  here, 
but  these  also  show  an  increased  coefficient  for  the  heavier  rail  sections. 
That  the  bending  moment  coefficients  should  be  greater  for  the  heavier 
sections  is  evident  from  analytical  considerations,  especially  in  the 
case  of  the  trailer,  which  is  at  some  distance  from  other  wheels,  and 
in  the  ease  of  outer  drivers.  The  increase  due  to  increase  of  section, 
however,  is  greater  than  may  be  expected  from  the  analysis  of  track 
action  herein  given,  or  for  any  known  rational  analysis.  For  the 
drivers  and  trailer  of  the  three  types  of  locomotives  used  on  the  Illinois 
Central  Railroad,  the  values  of  the  bending  moment  coefficient  derived 
by  the  analysis  are  less  than  10%  higher  for  track  with  the  125-lb. 
than  for  track  with  the  85-lb.  section.  For  the  tests  at  5  miles  per 
hour,  the  values  of  the  bending  moment  coefficients  average  nearly 
30%  higher  with  the  125-lb.  than  with  the  85-lb.  section,  considering 
the  drivers  and  the  trailer  of  the  three  types  of  locomotive.  For  the 
tests  at  the  higher  speeds,  the  increase  is  still  greater. 

On  Fig.  119  also  are  plotted  points  for  the  bending  moment  coeffi- 
cients derived  from  the  tests  on  the  Delaware,  Lackawanna  and  West- 
ern Railroad  with  the  Mikado  and  Pacific  locomotives,  the  rail  being 
105-lb.  section.  The  wheel  spacing  and  wheel  loads  in  these  locomo- 
tives are,  of  course,  not  the  same  as  those  of  the  same  type  on  the 
Illinois  Central  Railroad. 
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51. — Effect  of  Wheel  Spacing. — The  analytical  treatment  of  the 
action  of  track  showed  that  the  spacing  of  wheels  has  a  considerable 
effect  on  the  magnitude  of  the  bending  moments  developed  in  the 
rail.  The  experimental  values  confirm  this  finding.  An  inspection 
of  Fig.  119  shows  that,  for  all  the  locomotives  except  the  Atlantic 
the  bending  moment  coefficients  for  the  trailers,  which  are  well  away 
from  the  drivers  and  the  tender  trucks,  are  considerably  higher  than 
those  for  the  drivers,  and  that  those  for  the  drivers  of  the  Atlantic 
locomotive  are  higher  than  for  the  more  closely  spaced  drivers  of  the 
Mikado  locomotive.  The  effect  is  even  more  marked  at  the  higher 
speeds.  Another  view  of  this  may  be  had  from  the  stresses  plotted 
in  Fig.  118.  Notwithstanding  that  the  weight  on  the  trailers  of  these 
locomotives  is  only  from  75  to'  80%  of  that  on  a  driver,  the  stresses 
in  the  rail  under  the  trailer  are  greater  than  those  under  the  drivers, 
except  for  the  Atlantic  locomotive,  and  in  that  case  there  is  greater 
spacing  of  drivers  and  smaller  distance  from  rear  driver  to  trailer. 
All  the  results  confirm  the  importance  of  wheel  spacing  indicated  by 
the  analysis. 

Something  of  the  effect  of  changing  the  spacing  of  wheels  is  shown 
by  Figs.  120,  121,  and  122,  where  values  of  the  bending  moment 
coefficients  derived  by  the  analytical  method  are  plotted  against  wheel 
spacing  for  two-axle,  three-axle,  and  four-axle  loads.  In  some  cases 
it  is  seen  that  there  are  regions  of  spacing  where  the  spacing  has 
little  effect  on  the  bending  moment  coefiicient.  It  is  to  be  noted  that, 
for  a  point  midway  between  wheels,  the  shorter  spacings  give  positive 
moments.  Although  the  values  given  in  this  figure  will  not  correspond 
exactly  with  experimental  results,  the  figure  is  useful  in  learning  the 
trend  of  the  effect  of  changes  in  wheel  spacing.  It  is  evident  that  the 
effect  of  wheel  spacing  on  stresses  in  track  is  a  matter  which  should 
have  consideration  when  the  design  of  the  spacing  of  the  wheels  of 
locomotives  and  cars  is  made. 

52. — Influence  of  Condition  of  Trade  and  Locomotive. — The  tests 
already  reported  are  mainly  on  the  prepared  test  sections  of  track, 
which  were  laid  with  new  oak  ties  of  uniform  size  and  shape,  uni- 
formly spaced,  and  kept  in  excellent  surface  condition.  It  was  felt 
that  some  connection  of  results  should  be  made  with  track  in  con- 
ditions other  than  those  of  the  prepared  track,  and  tests  were  made 
on  what  may  be  considered  the  ordinary  run  of  main-line  track  adjoin- 
ing the  test  sections  and  on  track  having  special  conditions,  such  as 
low  spots,  defective  ties,  and  cinder  ballast. 

The  tests  on  what  may  be  termed  the  ordinary  track  of  the  Illinois 
Central  Railroad  were  made  on  track  adjacent  to  the  test  sections. 
The  conditions  of  rail,  ballast,  and  roadway  were  quite  similar  to 
those  of  the  prepared  test  sections.  The  ties  were  sound  hewn  ties 
of  mixed  woods,  oak  and  gum,  and  some  pine,  nominally  6  by  8  in. 
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BENDING  MOMENT  COEFFICIENTS  FOR  THREE-AXLE  LOAD, 
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by  8  ft.,  the  spacing  being  fairly  uniform,  and  about  20  in.  from 
center  to  center.  The  tests  were  made  on  stretches  of  track  having 
6  and  24  in.  of  ballast  under  the  ties.  The  track  was  in  good  condition. 
Fig.  123  gives  track  depression  profiles  for  one-axle  load  tests  at 
three  locations.  The  data  were  obtained  photographically,  and  cover 
only  a  short  length  of  track  for  each  location.  Fig.  124  shows  the 
stress-distribution  diagrams  at  the  same  places,  and  Fig.  125  gives 
load-stress  diagrams.  It  will  be  noted  that  the  load-stress  diagrams 
approximate  straight  lines  passing  through  the  origin.  Figs.  126  and 
127  give  speed-stress  diagrams  for  locomotive  loading  at  several  speeds 
at  two  places  along  the  track.  The  position  of  the  instruments  and 
the  methods  used  were  the  same  as  in  the  tests  reported  for  the  test 
track.  The  average  value  of  the  modulus  of  elasticity  of  rail-support, 
u,  taken  from  the  one-axle  load  tests,  is  about  1  000,  which  is  about 
the  same  as  the  average  for  the  special  test  sections  (omitting  the 
24-in.  ballast).  The  stresses  in  rail,  both  for  the  one-axle  and  the 
moving-load  tests,  agree  closely  with  the  results  found  in  the  similar 
tests  on  the  prepared  test  stretches  of  track  of  like  conditions  of 
ballast  and  rail,  the  diiferences  being  no  more  than  may  be  due  to 
accidental  differences  in  the  locomotives  or  to  accidental  differences 
in  testing.  The  results  indicate  that  the  tests  on  the  prepared  sections 
of  track  may  be  taken  as  representative  of  similar  track  under  ordi- 
narily good  conditions,  and  that  the  principal  difference  to  be  expected 
in  ordinary  track  is  a  greater  variation  in  results  and  somewhat  larger 
individual  values  where  differences  in  tamping,  or  in  size,  quality, 
or  spacing  of  tie,  may  result  in  a  greater  variation  from  the  average 
stress. 

To  get  some  indication  of  the  effect  of  a  poor  tie,  tests  were 
made  in  several  places  where  a  tie  under  one  rail  was  decayed  some- 
what, and  the  rail  had  cut  into  the  adjoining  ties,  the  decayed  tie  not 
taking  its  full  share  of  load,  and  the  adjoining  ties  having  more  than 
their  share.  Fig.  128  gives  track  depression  profiles  for  the  one-axle 
load  tests  at  three  locations,  E,  F,  and  G  of  Fig.  26,  the  load  being 
placed  over  the  decayed  tie.  The  profiles  are  characterized  by  a  sharper 
curvature  at  the  point  under  the  load  than  was  found  in  the  tests 
with  sound  ties,  though  the  depression  was  not  particularly  greater 
than  in  ordinary  track.  Fig.  129  shows  the  stress-distribution  diagrams 
at  the  same  places,  and  Fig.  130  gives  load-stress  diagrams.  In  some 
cases  the  load-stress  diagram  is  a  straight  line  passing  through 
the  origin,  and  in  some  cases  not.  The  stresses  in  the  rail  over 
the  decayed  tie  for  a  single  wheel  load  of  25  000  lb.  are  23  800, 
25  600,  and  29  200  lb.  per  sq.  in.  (averaging  26  200  lb.  per  sq.  in.), 
which  may  be  compared  with  an  average  stress  of  about  21  000  lb. 
per  sq.  in.  for  otherwise  like  conditions  of  track  in  the  prepared  test 
sections.      Moving-load   tests   with   the   Mikado   locomotive   were   also 
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TRACK  DEPRESSION   PROFILES  FOR    ORDINARY  TRACK. 

STATIC-LOAD  TESTS  ON   ILLINOIS  CENTRAL  RAILROAD, 

WITH   LOADING  APPARATUS. 
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STRESS  DISTRIBUTION   DIAGRAMS  FOR  ORDINARY  TRACK. 
STATIC-LOAD  TESTS  ON    ILLINOIS  CENTRAL  RAILROAD, 
WITH  LOADING  APPARATUS. 
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LOAD-STRESS  DIAGRAMS  FOR  ORDINARY  TRACK. 
STATIC-LOAD  TESTS  ON    ILLINOIS  CENTRAL  RAILROAD,  WITH  LOADING  APPARATUS. 
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SPEED-STRESS  DIAGRAMS  FOR  ORDINARY  TRACK 
MOVING-LOAD  TESTS  ON  ILLINOIS  CENTRAL  RAILROAD  WITH  MIKADO  LOCOMOTIVE. 

Mikado  (2-8-2) 


Stress,  in  Pounds  per  Square  Inch. 
Stresses  under  Wheels. 


Fig.  126-a. 
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Stress,  in  Pounds  per  Square  Inch. 
Stresses  between  Wheels. 


Fig.  126-b. 
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SPEED-STRESS  DIAGRAMS  FOR  ORDINARY  TRACK 
MOVING-LOAD  TESTS  ON  ILLINOIS  CENTRAL  RAILROAD  WITH  MIKADO  LOCOMOTIVE. 


Stress,  in  Pounds  pei'Scjuare  Inch. 
Stresses  under  Wheels. 


Fig.  127-a. 
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Stresses  between  Wheels. 


Fig.   127-b. 
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TRACK  DEPRESSION    PROFILES  FOR  DECAYED  TIE. 
STATIC-LOAD  TESTS  ON   ILLINOIS  CENTRAL  RAILROAD,  WITH  LOADING  APPARATUS. 


Fig.  128. 

STRESS  DISTRIBUTION   DIAGRAMS  FOR    DECAYED  TIE. 
STATIC-LOAD  TESTS  ON    ILLINOIS  CENTRAL  RAILROAD, 
WITH  LOADING  APPARATUS. 
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Fig.  129. 


LOAD-STRESS  DIAGRAMS  FOR  DECAYED  TIE. 
STATIC-LOAD  TESTS  ON   ILLINOIS  CENTRAL  RAILROAD,  WITH  LOADING  APPARATUS. 
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Fig.  130. 
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made  at  the  two  locations,  I  and  L,  shown  on  Fig.  26.  Fig.  131  gives 
the  position  of  the  instruments  with  reference  to  the  decayed  tie,  and 
Figs.  132  and  133  are  speed-stress  diagrams  giving  the  average  of 
the  stresses  obtained  with  three  instruments.  At  I,  the  decayed  tie 
was  in  such  condition  that  it  gave  little  bearing  resistance  to  the  rail 
load,  and  the  two  adjoining  ties  were  sound,  but  somewhat  cut  by  the 
rail.  At  L,  the  decayed  tie  offered  some  bearing  resistance,  but  the 
adjacent  ties  were  poor  and  badly  cut.  Comparing  the  stresses  in 
the  rail  given  in  these  figures  with  the  average  stresses  for  the  pre- 
pared test  sections,  it  is  seen  that  the  stresses  under  the  drivers  and 
trailer  of  the  Mikado  locomotive  at  the  several  speeds  from  5  to  35 
miles  per  hour  average  about  20%  higher  in  the  first  location  and 
from  35  to  40%  higher  in  the  second.    As  these  stresses  were  measured 
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at  gauge  lines  between  ties,  and  include  measurements  made  at  places 
away  from  the  decayed  tie,  it  may  be  expected  that  the  stress  in  the  rail 
at  a  point  over  the  decayed  tie  would  be  materially  higher  than  that 
given  in  the  diagrams.  It  will  be  shown  in  the  next  article  that  the 
variation  in  stress  on  the  two  sides  of  the  rail  is  much  greater  in 
this  case  than  in  ordinarily  good  track.  Stresses  at  the  outer  .edge 
of  base  of  rail  were  found  which  average  about  150%  higher  than 
the  average  rail  stress  for  good  track. 

Tests  were  made  on  a  spot  where,  for  about  a  rail  length,  the  track 
was  low,  especially  along  one  rail.  A  low  spot  on  the  other  rail,  a  rail 
length  or  so  away,  served  to  give  the  locomotive  a  roll  at  speeds  greater 
than  5  miles  per  hour.  The  sags  were  quite  apparent  to  the  eye.  The 
section  foreman  explained  the  presence  of  the  low  spots  as  caused  by 
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SPEED-STRESS  DIAGRAMS  FOR  DECAYED  TIE. 
MOVING-LOAD  TESTS  ON  ILLINOIS  CENTRAL  RAILROAD  WITH  MIKADO  LOCOMOTIVE. 


Mikado  (2-8-2) 


Stress,  in  Pounds  per  Square  Inch. 
Stresses  under  Wheels. 


Stress,  in  Pounds  per  Square  Inch. 
Stresses  between  Wheels. 


PIG.  132-b. 
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SPEED-STRESS  DIAGRAMS  FOR  DECAYED  TIE. 
MOVING-LOAD  TESTS  ON  ILLINOIS  CENTRAL  RAILROAD  WITH  MIKADO  LOCOMOTIVE. 

Mikado  (2-8-2) 


Stress,  in  Pounds  per  Square  Inch. 
Stresses  under  Wheels. 


Mikado  (2-8-2) 
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Stress,  in  Pounds  per  Square  Inch. 
Stresses  between  V/hei>ls. 


Fig.   133-b. 
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too  much  tamping  at  the  ends  of  the  rail  in  raising  the  joints  which 
had  become  low.  The  track  depression  throughout  the  middle  of  the 
length  of  the  rail  under  the  static-load  tests  was  0.70  in.  under  the 
rear  driver  of  the  Atlantic  locomotive,  about  double  that  found  after 
the  track  had  been  properly  tamped  up,  the  latter  being  about  the  same 
as  that  which  was  found  in  ordinarily  good  track.  Figs.  134  to  loG  give 
the  speed-stress  diagrams  for  the  Atlantic  locomotive  at  this  low  spot. 
The  number  of  observations  is  smaller  than  those  averaged  in  the  tests 
on  the  prepared  stretches  of  track,  but  it  is  large  enough  to  seem  to 
be  representative  of  the  action  of  the  track  here.  At  5  miles  per  hour 
the  stress  in  rail  is  about  15%  higher  than  for  good  track,  and,  at  60 
miles  per  hour,  from  20  to  35%  higher.  At  the  latter  speed,  values  at 
the  front  driver  were  found  as  high  as  43%  more  than  for  good  track. 
In  each  case  the  values  plotted  are  the  averages  of  those  obtained 
with  the  three  instruments  on  the  low  rail  for  three  or  more  runs. 

Tests  were  made  on  the  track  which  leads  from  the  freight  yards 
at  N,  in  Fig.  26.  This  track  has  6  in.  of  cinder  ballast  on  a  light  loam 
soil.  The  ties  were  in  good  condition  and  the  tie  spacing  uniform. 
Although  not  recently  tamped,  the  track  was  in  fair  condition.  Fig. 
137  gives  the  speed-stress  diagrams  for  the  Mikado  locomotive.  The 
stresses  are  higher  than  those  found  with  6  in.  of  ballast  on  the  main- 
line track,  averaging,  perhaps,  12%  higher,  and  under  some  wheels 
being  18%  or  more  higher.  A  rather  marked  characteristic  of  these 
diagrams  is  the  unusual  variation  in  values  at  the  different  wheels 
and  the  different  speeds;  individual  results  are  found  which  are 
much  higher  than  the  average  values  plotted  in  the  diagrams. 

Although  this  report  will  not  take  up  the  observed  action  of  the 
ties  and  ballast,  and  the  relation  of  their  properties  to  the  properties 
of  the  track,  it  may  be  remarked  here  that  the  prepared  main-line 
test  track,  which  is  ballasted  with  broken  stone,  seems  to  show  little 
difference  between  the  stresses  in  rail  on  track  which  has  6  in.  of 
ballast  and  on  track  which  has  12  in.  The  results  are  more  erratic 
and  more  variable  in  the  former  case  than  in  the  latter,  and,  of  course, 
the  question  of  the  time  intervals  between  necessary  track  surfacing 
is  not  here  considered.  The  track  with  24-in.  ballast  was  noticeably 
stift'er  than  either  of  the  foregoing,  giving  smaller  track  depressions 
under  load  and  a  larger  value  of  the  modulus  of  elasticity  of  rail- 
support.  The  diagrams  also  show  that  the  track  on  24-in.  ballast  has 
somewhat  smaller  stress  in  the  rail  than  that  on  lighter  ballast. 

To  show  that  conditions  of  the  locomotive  may  greatly  affect  the 
amount  and  distribution  of  the  stresses  in  the  rail,  an  instance  which 
occurred  in  one  of  the  early  tests  may  be  cited.  A  test  was  being 
made  to  compare  the  results  obtained  by  the  strain  gauge  and  the 
stremmatograph.  The  stremmatograph  record  showed  almost  no  stress 
under  the  third  driver  of  the  Mikado  locomotive.     Strain  gauge  read- 
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SPEED-STRESS  DIAGRAMS  FOR  LOW  SPOT  IN  TRACK. 

MOVING-LOAD  TESTS  ON  ILLINOIS  CENTRAL  RAILROAD. 

WITH  ATLANTIC  LOCOMOTIVE. 


Ti^''=      ConJitioii  Stress,  inPounds  perSquMi-f;  Inch. 
Lo«_SiK)t]  Stresses  under  Wheels. 

Fig.   134-a. 
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Fig.   134-b. 
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SPEED-STRESS  DIAGRAMS  FOR   LOW  SPOT  IN  TRACK. 
MOVlNG-LOAD  TESTS  ON  ILLINOIS  CENTRAL  RAILROAD. 
WITH  ATLANTIC  LOCOMOTIVE. 
Atlantic  (-4-4-2) 
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Fig.  135-a. 
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SPEED-STRESS  DIAGRAMS  FOR  LOW  SPOT  IN  TRACK.. 

MOViNG-LOAD  TESTS  ON  ILLfNOIS  CENTRAL  RAILROAD. 

WITH  ATLANTIC  LOCOMOTIVE. 
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Fig.   136-a. 
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Stresses  between  Wheels. 


Fig.   136-b. 
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SPEED-STRESS  DIAGRAMS. FOR  CINDER  BALLAST. 
MOVING-LOAD  TESTS  ON  ILLINOIS  CENTRAL  RAILROAD 
WITH  MIKADO  LOCOMOTIVE. 
Mikado  (2-8-2) 


Stress,  In  Pounds  per  Square  Inch. 
Stresses  under  Wheels. 


Fig.  137-a. 


Mikado  (2-8-2) 


Stress,  in  Pounds  per  Square  Inch. 
Stresses  between  Wlieels 


Fig.   137-b. 
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ings  made  with  static  loading  gave  the  same  results.  An  examination 
showed  that  the  equalizer  for  the  third  driver  had  been  temporarily 
blocked  up  by  the  engineman  while  out  on  a  run,  in  order  to  decrease 
the  load  on  the  driver  and  thus  prevent  heating  of  the  bearing,  and 
the  blocking  had  not  been  removed  when  the  locomotive  was  returned 
to  the  roundhouse.  In  Fig.  138  are  given  the  stresses  under  the  wheels 
obtained  by  strain  gauge  measurements  when  the  equalizer  was  blocked 
up,  and  also  the  values  obtained  with  the  locomotive  in  normal  condi- 
tion. It  is  seen  that  the  stress  under  the  fourth  driver  was  greatly 
increased,  and  that  those  under  the  second  driver  and  the  trailer  were 
somewhat  larger  than  for  normal  conditions. 

53. — Relation  of  the  St7-esses  on  the  Two  Sides  of  the  Rail. — It  may 
appear  natural  to  think  that,  since  the  wheel  load  is  a  vertical  load, 

STRESS  DISTRIBUTION  DIAGRAM 
WITH   EQUALIZER  OF  LOCOMOTIVE  BLOCKED  UP. 
Mikado  (2-8-2) 
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the  llexural  action  in  the  rail  will  be  such  that  the  liber  stress  will  be 
uniform  all  the  way  across  the  base  of  the  rail.  Even  if  the  pressure 
of  the  wheel  is  not  applied  centrally  over  the  head  of  the  rail,  the 
effects  of  this  eccentricity  of  loading  will  be  to  produce  vertical  iiexural 
stresses  in  the  rail  and  probably  a  torsional  effect;  little  lateral  hori- 
zontal bending  of  the  rail  may  be  expected  to  result  from  this  source. 
In  planning  the  tests,  lateral  bending  of  the  rail  Avas  not  expected  to 
be  an  important  element.  In  the  earlier  test  work,  therefore,  the  strain 
measurements  with  both  the  strain  gauge  and  the  stremmatograph  were 
made  at  one  edge  of  the  base  of  the  rail  only,  the  outer  edge  being  used 
because  of  its  greater  convenience.  The  stremmatograph  tests  showed 
marked  irregularities  and  seemingly  erratic  results,  which  were  unex- 
plainable  on   the  ordinary  assumption,  and  steps  were  taken  to  find 
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the  source  of  the  variations.  Tests  were  made  with  the  position  of 
the  stremrnatograph  reversed  on  the  rail,  in  order  to  measure  the 
deformation  at  the  inner  edge,  and  the  results  were  compared  with 
those  found  with  the  measurements  at  the  outer  edge  of  the  rail,  all 
other  conditions  as  to  track,  position  of  locomotive,  and  speed  remain- 
ing the  same.  The  average  of  the  stremrnatograph  measurements  at 
the  two  edges  of  the  base  of  rail  was  found  to  be  fairly  uniform  and 
consistent  for  runs  which  were  comparable,  but  the  stress  at  one  edge 
was  usually  different  from  that  at  the  other,  sometimes  more  than 
twice  as  great.  Generally  speaking,  the  higher  value  was  foimd  at  the 
outer  edge  of  the  rail.  The  instruments  already  made  were  then 
rebuilt  in  such  way  that  each  stremrnatograph  measured  the  deforma- 
tion both  at  the  inner  and  outer  edges  of  the  base  of  rail,  and  this 
improvement  was  followed  in  instruments  made  thereafter.  It  may 
be  added  that,  in  static  tests  with  a  locomotive,  the  results  of  meas- 
urements made  with  a  strain  gauge  showed  differences  in  stresses  at 
the  two  edges  which  were  quite  similar  to  the  results  found  in  the 
moving-load  tests,  and  that  static  tests  made  with  the  loading  device 
showed  little  difference  in  stress  on  the  two  sides  of  the  rail. 

As  another  check  on  the  phenomenon,  measurements  were  made  at 
the  base  of  the  rail,  to  see  whether  the  rail  showed  lateral  movement  as 
the  wheel  moved  by.  It  was  observed  that  there  was  an  outward  move- 
ment at  the  base  of  the  rail  immediately  under  the  wheel  and  an 
inward  movement  at  a  point  between  wheels,  the  rail  thus  forming 
along  the  length  of  the  locomotive  a  horizontal  curve  something  like  a 
sinusoid.  A  similar  outward  and  inward  movement  occurred  in  the 
other  rail,  and,  in  the  observations  referred  to,  the  movements  of  both 
rails  were  outward  under  a  given  axle  and  inward  at  points  between 
axles ;  in  other  words,  the  gauge  of  the  base  of  rail  was  increased  at  the 
wheel  points  and  decreased  at  points  between  wheels.  This  movement 
was  small,  but  it  was  measurable,  ranging  from  0.01  in.  to  0.03  in., 
with  the  85-lb.  rail  in  the  preliminary  test  referred  to.  It  will  be  seen, 
later,  that  the  movement  of  the  rail  is  not  always  of  the  character  just 
described,  there  being  several  forms  of  movement. 

With  an  outward  bending  of  the  rail  at  a  point  under  a  wheel  load, 
the  tensile  stress  at  the  outer  edge  of  the  base  of  rail  is  increased  over 
that  due  to  vertical  bending,  and  with  an  inward  bending  at  a  point 
between  wheels,  the  compressive  stress  at  the  outer  edge  of  the  base 
of  rail  is  also  increased,  the  stress  at  the  inner  edge  of  rail  being 
decreased  in  both  cases.  In  the  head  of  the  rail  the  effect  on  the 
stresses  is  reversed,  but,  as  the  head  is  narrower  than  the  base,  the 
difference  in  stresses  at  the  two  sides  of  the  head  of  the  rail  is  smaller 
than  that  found  at  the  base. 

Table  10  gives  values  of  the  ratio  of  the  stress  at  one  edge  of  the 
base  of  rail  to  the  mean  of  the  stresses  at  the  two  edges.    Where  the 
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TABLE  10. — Values  of  the  Ratio  of  the  Stress  at  One  Edge  of  the 
Base  of  R\il,  to  the  Mean  of  the  Stresses  at  the  Two  Edges. 
Prepared  Test  Sections  of  Track. 
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minus  sign  is  given,  the  stress  at  the  inner  edge  is  the  greater;  other- 
wise, that  at  the  outer  edge  is  the  greater.  The  table  is  a  sample  of 
the  data  obtained  (the  complete  data  being  very  voluminous),  and  is 
probably  representative  of  the  observations.  The  values  given  are 
those  found  by  individual  instruments;  averages  of  several  instruments 
would  mask  the  effect  of  variations  in  track  and  of  variations  in 
movement  of  locomotive.  In  looking  over  the  table,  it  should  be  borne 
in  mind  that  the  runs  were  made  in  such  a  way  that  the  counterweight 
of  the  front  driver,  on  the  side  of  the  track  on  which  there  were  three 
instruments,  was  at  its  lowest  point  as  it  passed  the  middle  instrument, 
and  that  the  succeeding  wheels  made  their  records  at  a  later  time, 
and,  therefore,  the  measurement  of  stresses  for  the  several  wheels 
was  not  made  simultaneously.  Naturally,  the  values  cover  quite  a 
range.  There  are  many  ratios  as  high  as  1.30,  and  a  number  as  great 
as  1.50  (which  means  that  the  stress  at  one  edge  of  the  base  is  1.86 
and  three  times  as  great,  respectively,  as  the  stress  at  the  other  edge). 
The  few  ratios  higher  than  1.75  doubtless  may  not  be  fully  reliable. 

The  ratios  at  points  midway  between  wheels  (not  given  in  the 
table)  run  to  even  higher  values,  and  are  more  discordant,  as  might 
be  expected  from  the  fact  that  the  magnitude  of  the  stress  is  less  than 
that  at  points  under  the  wheels.  The  difference  between  the  numerical 
values  of  the  stresses  at  the  two  edges,  as  may  be  expected,  is  in  general 
less  at  the  point  between  wheels  than  at  points  under  the  wheels. 

The  phenomenon  of  difference  in  stress  at  the  two  sides  of  the 
rail  is  found  at  all  speeds.  The  magnitude  of  the  stress  at  either  edge 
of  the  base  of  rail  varies  with  the  speed,  generally  increasing  with 
increase  of  speed,  though  sometimes  the  stress  at  one  edge  decreases 
with  the  speed.  In  general,  the  ratio  of  the  stresses  at  the  two  edges 
of  the  base  of  rail  is  not  noticeably  different  at  high  than  at  low  speeds. 
In  fact,  the  changes  in  stress  with  speed  are  quite  consistent  at  each 
edge,  as  is  shown  in  Fig.  139. 

It  appears  that  one  of  the  elements  which  affect  the  differences  in 
stresses  developed  at  the  two  edges  of  the  base  of  rail  is  the  condition 
of  the  track.  Higher  ratios  are  found  more  frequently  in  track  not 
recently  tamped.  An  excellent  example  of  the  effect  of  the  condition 
of  track  is  seen  in  the  observations  at  the  two  locations  having  a  tie 
in  the  partly  decayed  condition  previously  referred  to.  The  position 
of  the  instruments -with  reference  to  the  poor  tie  is  shown  on  Fig.  131. 
The  ratio  of  the  stress  at  edge  of  rail  to  the  mean  of  the  stresses  at  the 
two  edges  is  given  in  Table  11.  Each  value  given  for  a  single  instru- 
ment is  the  average  of  the  results  of  several  runs  at  a  given  speed; 
individual  runs  give  higher  ratios.  In  the  test  at  I,  Fig.  26,  for 
Instrument  No.  2,  which  was  next  to  the  decayed  tie,  the  average  of 
the  ratios  under  the  drivers  and  trailer  for  all  speeds  is  1.35  (about  80 
readings  in   all).     The  average  of  the  highest  values  found  at  each 
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speed  for  all  the  drivers  and  trailer  is  1.46  (about  16  readings  included 
in  getting  this  average).  Stated  in  the  other  way,  this  means  that  the 
stress  at  the  outer  edge  of  the  base  of  rail  is  about  2.1  times  the  stress 
at  the  inner  edge  when  the  ratio  is  1.35,  and  2.7  times  when  the  ratio 
is  1.46.  For  Instrument  No.  3  (at  the  tie  space  ahead  of  No.  2),  the 
average  ratio  at  all  speeds  is  1.26,  the  highest  being  1.36.  For  Instru- 
ment No.  7,  which  was  on  the  other  rail  and  opposite  Instrument  No.  3 
(this  end  of  the  decayed  tie  being  sound),  the  variation  in  stresses 
is  the  same  as  at  No.  3  (that  is,  the  rail  bends  outward)  ;  the  average 
of  the  ratios  at  all  speeds  is  1.10,  with  a  maximum  of  1.14.  For  Instru- 
ment No.  4,  ahead  of  No.  3  and  on  the  other  side  of  the  decayed  tie, 
the  ratio  is  1.16  and  runs  sometimes  positive  and  sometimes  negative. 
For  this  instrument,  the  ratios  given  by  the  records  at  the  time  the 

SPEED-STRESS  DIAGRAM  FOR  EACH   EDGE  OF  BASE  OF  RAIL. 
MOVING-LOAD  TESTS  ON   ILLINOIS  CENTRAL  RAILROAD  WITH  MIKADO  LOCOMOTIVE. 

Mikado  (2-8-2) 


s,  ill  Pounds  per  Square  liiob 
Stresses  under  Wheels. 


Fig.   139. 


instrument  was  midway  between  wheels  are  high,  the  average  for  all 
the  wheels  and  all  the  runs  being  1.48,  with  maximum  values  of  1.67. 

In  the  case  of  the  other  test  location  at  a  partly  decayed  tie  {L, 
Fig.  26),  the  instruments  were  placed  on  one  rail  only.  The  values 
in  Table  11  show  highest  values  for  Instrument  No.  7,  although  No.  4 
gives  nearly  as  high  an  average.  One  driver  gives  an  average  ratio 
at  all  speeds  of  1.43,  with  a  maximum  of  1.50  at  one  speed. 

High  ratios  of  the  stress  at  edge  of  base  of  rail  to  the  mean  of  the 
stresses  at  the  two  edges  were  found  in  the  case  of  track  ballasted  with 
cinders.  This  track  {N ,  Fig.  26)  was  not  in  as  good  surface  and  align- 
ment as  that  of  the  main  line.  Table  12  gives  the  ratios  under  the 
drivers  and  trailer  at  the  several  speeds.  It  is  seen  that  ratios  as  high 
as  1.35  were  not  infrequent.'  In  Fig.  140  the  stresses  at  the  two  edges 
of  the  rail,  found  by  averaging  the  results  from  the  four  instruments, 
are  shown  for  the  four  speeds  used.     It  is  seen  that  for  each  wheel  the 


1376 


STRESSES   IN   RAILROAD   TRACK 


stress  at  one  edge  of  the  base  of  rail  is  in  general  consistently  larger 
than  at  the  other.  The  averages  of  all  the  instruments  at  30  miles 
per  hour  give  stresses  of  31 000  lb.,  and  the  records  of  individual 
instruments  were  as  high  as  35  000  lb.  (the  latter  being,  of  course,  the 
average  of  several  runs). 

TABLE  11. — Values  of  the  Ratio  of  the  Stress  at  Oxe  Edge  of  the 
Base  of  Rail  to  the  Mean  of  the  Stresses  at  the  Two  Edges. 
Tie  in  Partly  Decayed  Condition. 
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Some  high  values  of  ratios  found  on  the  prepared  test  track  when 
in  good  condition  are  given  in  Table  13  which  gives  the  results  of  a 
single  run  with  a  Mikado  locomotive  at  a  speed  of  35  miles  per  hour. 
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It  is  seen  that  at  Instrument  I^o.  4  all  wheels  except  one  give  high 
ratios,  the  highest  being  1.75  (the  stress  at  the  outer  edge  in  this  ease 
being  35  000  and  that  at  the  inner  edge  5  000  lb.  per  sq.  in.).  At 
Instrument  No.  2,  the  stresses  at  the  inner  edge  are  usually  higher 
than  those  at  the  outer. 

TABLE  12.  — Values  of  tue  Ratio  of  the  Stress  at  One  Edge 

OF  the  Base  of  Rail  to  the  Mean  of  the  Stresses  at  the  Two 

Edges.  Track  with  Cinder  Ballast. 


A  study  of  the  data,  including  a  large  amount  not  here  reported, 
shows  that  the  stress  at  the  outer  edge  of  base  of  rail  is  almost  always 
harger  than  that  at  the  inner  edge,  and  also  that,  generally,  both  rails 
liend  outward  under  the  wheel  loads.  Sometimes  one  rail  bends  inward 
iis  the  other  bends  outward,  indicating  a  swing  of  the  load.  Generally, 
the  bending  is  inward  at  a  point  between  wheels,  but  sometimes  it  is 
iu  the  reverse  direction.  To  what  extent  the  coning  of  the  wheels 
contributes  to  the  outward  bending  of  the  rail  and  what  other  factors 
enter  into  the  action  will  not  be  discussed  in  this  report.  In  relation 
to  this  matter,  it  should  be  noted  that,  for  the  tests  with  the  loading 
jacks,  very  little  difference  was  found  in  the  stresses  at  the  two  sides 
of  the  rail. 

It  seems  evident,  from  a  study  of  all  the  data,  that  stresses  at  the 
edge  of  base  of  rail  30%  greater  than  those  due  to  vertical  load  may 
be  expected  in  what  would  be  considered  good  track,  and  that  occasional 
values  considerably  higher  than  30%  are  probaljle.  With  track  in  poor 
condition,  the  lateral  bending  of  the  rail  is  even  greater.  This  means 
that  the  lateral  strength  of  the  rail  is  an  important  element  in  track 
resistance.     For  the  various  rail  sections  used,  the  section   modulus, 

I  23 

-.  with   reference  to  a  vertical   axis,  averages   about  — — -  of   that   for 

a  horizontal  axis.  The  lateral  bending  moment,  then,  is  much  less 
than  the  vertical,  but  its  effect  in  increasing  the  fiber  stress  is  such 
that  it  needs  consideration  in  the  determination  of  stresses  in  rail. 
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54. — Variation  in  Measured  Stresses,  and  the  Relation  between 
Average  and  Maximum  Stress.' — The  stress  developed  in  the  rail  under 
moving  loads  applied  through  locomotive  and  car  wheels  may  not  be 
expected  to  have  the  same  magnitude  for  different  applications  of  load 
at  the  same  place,  or  for  different  places  having  nominally  the  same 
conditions.  What  variations  from  the  average  stresses  already  reported 
may  be  expected  to  occur  and  what  maximum  stresses  may  be  expected 
are  matters  of  importance.  To  arrive  at  a  judgment  on  these  questions 
will  require  a  study  of  the  variation  in  the  observed  values  and  of  the 
probable  errors  of  observation.  Having  determined  the  limiting  error 
of  observation  which  is  probable  and  also  the  variation  in  the  observed 
values  which  may  be  expected,  a  value  of  the  probable  limiting  varia- 
tion in  the  actual  stress  developed  in  the  rail  may  be  approximated, 
which  will  assist  in  judging  what  maximum  stress  may  be  expected 
to  occur. 

SPEED-STRESS  DIAGRAM  FOR  EACH  EDGE  OF  BASE  OF  RAIL. 

MOVING-LOAD  TESTS  ON  ILLINOIS  CENTRAL  RAILROAD  WITH  MIKADO  LOCOMOTIVE. 

TRACK  WITH  CINDER  BALLAST. 


M.M.b '15      CO 


Sti'ess,  in  Pounds  per  Square  Inch. 
Stresses  under  Wheels. 


Fig.  140. 


With  the  exception  of  the  results  given  in  the  discussion  on  the 
"Relation  of  the  Stresses  on  the  Two  Sides  of  the  Rail",  the  stresses 
recorded  in  the  tables  and  on  the  diagrams  represent  the  average  of 
a  large  number  of  observations.  For  a  given  speed  and  a  given  wheel, 
the  results  usually  include  the  results  of  four  instruments  (each 
having  a  record  for  the  inside  edge  of  the  rail  and  for  the  outside  edge) 
for  four  runs  at  each  of  three  adjoining  locations  on  the  track,  say, 
counting  out  imperfect  records,  90  observations  in  all;  the  average 
of  the  90  observations  is  recorded  as  the  value  for  the  given  wlieel 
at  the  given  speed.  In  the  case  of  the  tests  on  track  at  unsound  ties 
and  at  low  spots,  the  values  given  are  the  averages  for  one  instrument, 
say  8  observations  in  all  for  each  wheel  at  a  given  speed.  For  the 
comparison  of  stresses  on  the  two  sides  of  the  rail,  the  values  given  are 
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tlie  average  of  the  records  on  a  stremmatograpli  disk  at  one  side  of  the 
rail  at  three  locations,  say,  12  observations  at  each  speed  and  48  observa- 
tions for  all  speeds.  It  is  evident  that  the  individual  observations  will 
vary  from  the  average  result  reported.  Part  of  this  variation  will  be 
due  to  errors  in  observation,  and  part  will  represent  actual  variation 
in  the  stresses  in  the  rail. 

TABLE  13.—  Values  of  the  PvAtio  of  the  Stress  at  One  Edge 
OF  THE  Base  of  Pvail  to  the  Mean  of  the  Stresses  at  the  Tvro 
Edges  for  a.  Single  Run  on  a  Prepared  Test  Section  of  Track. 


CO  S 

§    o 

&J-Vo.  Kail,                        .    e'x  s'x  8'o"Ties.                           6"stone  I'.allast. 

o  o'n  nOOOOOo^ 

3"> 

2 

-1.06 

-1.15 

-1.23 

-1.20 

-1.25 

-1.01 

-1.16 

-1.03 

-1.13 

-1.14 

3 

-1.20 

-1.13 

1.07 

1.00 

1.17 

1.15 

-1.05 

1.23 

1.12 

-1.05 

t 

1.20 

1.06 

1.49 

1.23 

1.18 

1.73 

1.11 

1.00 

1.31 

1.00 

1 

Variations  in  the  actual  stress  in  the  rail  under  nominally  the  same 
conditions  may  be  due  to  differences  in  the  way  the  locomotive  wheels 
and  car  wheels  are  applied  to  the  track  in  runs  made  at  different 
times,  as,  for  illustration,  that  produced  by  nosing  or  rolling,  or  by 
variations  in  the  action  of  equalizers  and  springs;  and  they  may  be  due 
to  differences  in  the  way  the  rail-support  (ties,  ballast,  etc.)  acts  under 
changes  in  method  of  application  of  load,  or  to  actual  difference  in  the 
resisting  action  of  the  track  support  at  two  locations  having  seemingly 
the  same  conditions. 

The  sources  of  observational  errors  are:  (1)  inherent  characteristics 
in  the  design  of  the  instruments,  such  as  that  in  the  stremmatograpli 
used  in  part  of  the  1915  tests;  (2)  looseness  or  play  in  bearings  of 
record  disk,  or  somewhere  in  the  clamps;  (3)  accidental  conditions 
of  operation,  such  as  result  from  variable  jolts  or  blows  on  the  track, 
and  from  variable  inertia  effects  in  the  instrument;  and  (4)  errors  in 
reading  the  record. 

The  first-mentioned  source  may  give  errors  which  are  proportional 
to  the  stress,  or  nearly  so.  This  sort  of  instrumental  error  was  found  in 
the  stremmatograpli  used  in  part  of  the  1915  tests.  It  is  believed  that 
the  design  of  the  later  instruments  avoided  errors  of  this  kind  which 
were  of  any  magnitude.  The  second  source  of  instrumental  error  gives 
variable  accidental  conditions  in  the  use  of  the  instrument.  In  the 
stremmatograph  used,  the  presence  of  this  condition,  when  sufficient 
in  amount,  could  be  detected  by  an  examination  of  the  record  in  the 
field,  and  the  instrument  could  be  adjusted  at  once.  Usually,  a  varia- 
tion in  the  action  of  the  instrument,  equivalent  to  a  stress  of  GOO  lb. 
per  sq.  in.,  could  be  detected.     When  it  was  seen  that  the  variation 
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amounted  to  more  than  1  000  lb.  per  sq.  in.,  the  observation  in  question 

was  discarded.     For  variations  between  these  two  general  limits,  the 

observation  was  used,  and  an  allow^ance  was  made,  and  the  error  from 

this  source  may  not  be  expected  to  reach  more  than  600  lb.  per  sq.  in. 

for  an  individual  observation.     The  variations  from  the  third  source, 

accidental  conditions,  frequently  could  be  told  from  the  characteristics 

of  the  record.     When  such  a  variation  was  marked,  the  observation 

was  discarded.     Notwithstanding  this,  there  must  exist  in  the  results 

obtained  from  the  records  many  variations  which  are  due  to  accidental 

instrumental  errors.     Of  the  fourth  source,  that  of  reading  the  record, 

NUMBER  OF  OBSERVATIONS 

HAVING  A  VARIATION   FROM  THE  AVERAGE  OF  ALL  THE  OBSERVATIONS 

AS  GREAT  AS,  OR  GREATER  THAN.  ANY  GIVEN    VARIATION. 


I  ?^, 


100 


r  u  cj 

o  o  ■" 


=  3-5    20 

fU  (I 


60 


40 


EjE^— EE 


-.JU    -40     -30    -20      -10         0     +10     +20     +30   +40     +50    +60 
Variation  from  Average  Stress— Percentage. 
Fig.  141. 

it  has  already  been  stated  that  in  the  early  part  of  the  work  the 
average  variation  of  the  readings  of  the  records  made  by  either  of  two 
observers  from  the  average  reading  of  the  two  was  400  lb.  per  sq.  m., 
and  that,  with  later  experience,  it  is  believed  that  there  are  very  few 
readings  in  error  more  than  700  lb.  per  sq.  in.  It  may  be  noted  that, 
except  for  the  first  source,  the  errors  are  as  likely  to  be  positive  as 
negative,  and  that,  except  for  the  accidental  instrumental  errors,  they 
are  largely  independent  of  the  magnitude  of  the  stress;  that  is,  they 
are  not  greater  for  large  than  for  small  stresses. 

For  the  study  of  the  variations,  a  number  of  sets  of  test  results  were 
chosen  at  random.  These  included  tests  made  Avith  85-lb.,  100-lb.,  and 
125-lb.  rail  at  the  several  speeds  used,  for  each  edge  of  base  of  rail, 
and  for  the  mean  of  the  two  edges.  Diagrams  were  plotted  for  each 
set,  in  order  to  show  the  relation  between  the  magnitude  of  the  varia- 
tion from  the  mean  and  the  number  of  observations.  Fig.  141  shows 
one  of  these.  The  horizontal  scale  gives  the  variation  from  the  average 
value  of  all  the  observations  as- a  percentage  of  the  average  stress. 
The  vertical  scale  gives  the  number  of  observations  having  a  variation 
from  the  average  value  as  great  as,  or  greater  than,  the  variation  in 
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question.  At  two  points  on  these  diagrams,  such  as  .4  and  B,  a  rather 
marked  change  in  slope  or  break  in  the  curve  was  found.  Altliougli  tlie 
several  diagrams  differed  somewhat  in  the  variation  indicated  at  these 
characteristic  points,  the  location  of  the  points  did  not  vary  much 
from  a  little  less  than  10%  of  the  number  of  observations,  and  the 
average  magnitude  of  the  variation  at  these  points  w^as  ±  38%  of  the 
average  stress.  Outside  of  these  points,  the  number  of  observations 
corresponding  to  the  variations  became  smaller,  but  there  were  always 
several  values  at  or  beyond  zt  50%  grouped  in  such  a  way  as  to  seem 
well  substantiated.  Beyond  these  the  observations  were  few  and 
very  irregularly  placed.  It  may  be  stated,  then,  that,  in  the  sets 
studied,  10%  of  the  observations  gave  variations  from  the  average 
stress  of  as  much  as  zt  38%  of  the  average  stress,  and  that  always 
there  were  seemingly  well  substantiated  variations  as  great  as  dr  50 
per  cent. 

In  the  several  sets  of  results  studied,  the  'mean  variation  of  the 
individual  observations  from  the  average  stress  did  not  differ  much; 
it  averaged  dz  22  per  cent.  Similarly,  the  probable  error  of  a  single 
observation,  calculated  by  the  theory  of  errors,  was  nearly  the  same  in 
all  the  sets,  averaging  it  18  per  cent.  The  diagrams,  such  as  that  in 
Fig.  141,  are  very  similar  in  form  to  the  curve  of  the  probability 
integral,  as  they  may  be  expected  to  be,  both  because  the  errors  of 
observation  will  follow  the  laws  of  chance  and  because  the  causes 
which  produce  variable  stresses  in  the  rail  may  also  be  expected  to 
follow  the  laws  of  chance  in  the  frequency  of  their  application.  The 
different  sets  of  results  which  were  studied  had  common  characteristics; 
the  variations  at  the  line  of  10%  of  number  of  observations  (zt  38%), 
the  values  of  the  mean  variation  from  average  stress,  and  the  probable 
error  differed  little  in  the  several  sets.  They  were  about  the  same  at 
all  speeds,  for  all  wheels,  and  for  both  edges  of  the  rail.  This  is  all 
characteristic  of  accidental  differences. 

A  consideration  of  the  source  and  probable  amount  of  the  observa- 
tional errors  leads  to  the  view  that  in  90%  of  the  observations  the  error 
of  a  single  observation  will  be  less  than  15%  of  the  observed  stress, 
and,  of  course,  generally  much  less  than  this.  This  estimate  takes 
into  account  both  the  observational  errors  that  are  independent  of  the 
magnitude  of  the  stress  and  those  that  may  be  x^roportional  to  it;  this 
limit  of  error  may  be  somewhat  too  small  for  low  stresses,  such  as 
5  000  to  10  000  lb.  per  sq.  in.,  and  somewhat  too  large  for  high  stresses 

If  then  it  be  assumed  that  the  error  of  observation  for  the  observed 

stress    at    which   there   are    10%    of   the   observations   giving   greater 

variation  {B,  in  Fig.  141)  is  db  15%,  and  the  variation  of  this  observed 

stress  from  the  average  is  taken  as  d=  38%,  it  will  be  seen  that  the 

actual  value  of  the  stress  in  the  rail  which  was  observed  as  1  +  38% 

1 .  .38 
may  be  as  small   as    r-——   X   average  stress,  or  20%   more  than  the 
1  .la 


1383  STKESSES   IN   RAILROAD   TRACK 

1 .  :58 
average  ;  and,  of  course,  it  might  be  as  large  as       _,,  X  average  stress, 

or  62%  more  than  the  average.  Similarly,  for  an  observed  stress  50% 
greater  than  the  average,  assuming  that  the  limit  of  error  of  observa- 
tion is  rt  20%,  the  actual  stress  in  the  rail  may  be  as  small  as  25% 
more  than  the  average.  It  may  be  asserted,  then,  that,  for  nominally 
the  same  conditions  of  track  and  of  load  values  of  the  stress  in  the 
rail,  20%  greater  than  the  averages  reported  in  the  diagrams  and 
tables,  or  even  25%  greater,  may  be  expected  not  infrequently,  and, 
of  course,  by  the  theory  of  chance,  the  probabilities  are  that  these 
values  may  be  exceeded  considerably.  In  any  effort  to  determine  the 
maximum  stress  vrhich  may  be  developed  in  a  rail,  this  excess  of  the 
individual  values  of  the  stress  over  the  value  obtained  by  averaging 
results  must  be  taken  into  account. 

55. — Method  of  Estimating  Maximum  Flexural  Stress  in  Rail  for 
Given  Conditions  of  Trade  and  Loading. — What  maximum  flexural 
stress  may  be  developed  in  a  rail  under  given  conditions  of  track  and 
loading  is  a  matter  of  considerable  interest.  In  making  an  estimate 
of  the  maximum  stress,  it  vs^ill  be  well  to  start  vrith  the  average  stress 
which  may  be  expected  at  low  speeds  for  the  best  conditions  of  track, 
and  introduce  a  series  of  factors  covering  the  several  sources  of  increase 
or  variation  from  average  stress  at  low  speeds.  Such  an  equation  for 
flexural  stress  in  the  rail  is 

/  =  /o  (1  +  o)  (1  i-  h)  (1  +  c)  (1  +  d) 

(average  stressX  /speed  \  /lateral  \  /conditionX  /varia-  \ 
at  5  miles  per  j  j  factor.  ]  /  l)ending  ]  /  of  track  ]  /  l)ility  | 
hour.  j      \  I      I  factor.     /      \  factor.       /      I  factor./ 

These  factors  have  already  been  discussed  to  some  extent.  The  average 
stress  at  5  miles  per  hour  would  depend  on  the  locomotive  loading  and 
the  nature  of  the  track  (rail,  ties,  ballast,  etc.).  For  the  "condition 
of  track  factor"  the  presence  of  low  spots,  defective  ties,  and  other 
imperfect  conditions  must  be  considered,  and,  even  on  fairly  well-kept 
track,  this  factor  will  need  consideration.  The  Committee  plans  to 
discuss  in  another  report  the  magnitude  of  maximum  stress  for  various 
conditions  of  track  and  loading.  It  is  evident  that  the  maximum 
stress  which  may  be  developed  in  the  rail  under  usual  conditions  of 
track  and  traffic  may  be  much  higher  than  the  average  stresses  found 
for  best  track  at  low  speeds,  and  that  speed  factor,  lateral  bending 
factor,  condition  of  track  factor,  and  variability  factor  should  be 
recognized  in  making  an  estimate  of  the  maximum  stress  to  which  the 
rail  will  be  subjected. 

56. — The  Test  Worh  on  Ties,  Ballast,  and  Roadway.- — Considerable 
progress  has  been  made  in  the  experimental  study  of  the  action  of 
ties,  ballast,  and  roadway.  Tests  on  track  have  included  the  measure- 
ments of  the  depression  produced  under  load  at  various  points  below 
the  tie  and  across  and  along  the  track  and  roadway.     The  measurement 
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of  pressure  in  ballast  with  the  pressure-capsule  has  given  interesting 
data.  Information  has  also  been  obtained  with  the  recording  pressure- 
capsules.  Measurement  of  the  flexure  of  the  tie  has  been  made. 
Before  completing  tests  on  this  part  of  the  problem,  it  was  deemed 
wise  to  await  the  results  of  laboratory  tests,  in  order  to  determine 
the  principles  governing  the  distribution  of  pressure  through  ballast 
material,  as  this  information  would  guide  the  extension  of  the  tests 
and  be  useful  in  interpreting  the  data  obtained. 

The  laboratory  tests  on  transmission  of  pressure  through  ballast 
material  have  advantages  over  tests  made  in  the  field,  in  that  the  condi- 
tions may  be  controlled  more  definitely  and  exactly  and  the  tests 
repeated  under  identical  conditions.  In  the  experiments,  several  ties 
are  spaced  as  usual  over  a  given  depth  of  ballast,  and  loads  are  applied 
on  the  rails.  By  having  a  number  of  pressure-capsules  inserted  in  the 
ballast  at  the  different  depths  and  positions  at  which  the  measurement 
of  pressure  is  desired  and  then  changing  tie  spacing  and  other  variables, 
information  bearing  on  the  problem  is  obtained.  Tests  have  been 
made  with  broken  stone,  gravel,  and  sand  as  ballast  material.  Advan- 
tage has  been  taken  of  information  and  experience  gained  in  tests  on 
the  transmission  of  pressure  through  granular  material  previously 
carried  on  in  the  laboratory.  It  seems  evident,  from  the  experimental 
data  obtained,  that  quite  definite  laws  govern  the  transmission  and 
distribution  of  pressure  through  ballast  materials,  and  that  these 
principles  have  a  very  direct  bearing  on  the  effectiveness  of  different 
depths  of  ballast  and  different  conditions  of  ties  and  tie  spacing.  The 
results  of  the  investigation  on  ties,  ballast,  and  roadway  will  be  pre- 
sented in  another  report. 

Respectfully  submitted, 

The  Committee  to  Report  on  Stresses  in  Railroad  Track 

Arthur  IST.  Talbot,  Chairman 
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Charles  S.  Churchill 
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To  THE  American  Society  of  Civil  Engineers, 
Gentlemen: 

Your  Special  Committee  on  "Materials  for  Road  Construction  and 
on  Standards  for  Their  Test  and  Use"  herewith  respectfully  submits  a 
Final  Report  covering-  its  work  from  the  date  of  its  appointment  by 
the  Board  of  Direction. 

Through  the  courtesy  of  the  Board,  successful  meetings  have  been 
held  in  the  Society  House,  for  one  or  two  days  subsequent  to  each 
Annual  Meeting  of  the  Society,  for  the  discussion  of  matters  of 
interest  connected  with  the  work  of  the  Committee.  These  meetings 
have  been  well  attended,  usually  by  more  than  200  at  a  session,  by 
highway  authorities  outside  of  the  Society  as  well  as  by  members  of 
the  Society  itself.  It  is  felt  that  valuable,  as  well  as  authoritative, 
information  and  criticism  has  thus  been  secured  to  the  Profession  as 
well  as  to  the  Committee. 

Your  Committee  has  rendered  progress  reports  annually  since  1911, 
and  in  the  accompanying  report  has  given  careful  consideration  to 
its  earlier  conclusions  and  the  criticism  and  discussions  submitted 
in  connection  therewith. 

The  Committee  has  been  made  aware  of  a  widening  of  the  interest 
in  highway  work  among  members  of  the  Society  and  others  not  expe- 
rienced or  even  thoroughly  trained  in  highway  engineering.  In  the 
accompanying  report  it  has  been  deemed  wise,  for  the  benefit  of  this 
new  and  wider  interest,  as  well  as  for  the  purpose  of  making  this 
Final  Report  comprehensive,  to  include  conclusions  or  statements 
that  may  seem  primary  or  trite  to  highway  experts.  Further,  in  order 
to  render  many  of  the  earlier  and  present  conclusions  of  the  Committee 

*  Presented  to  the  Annual  Meeting,  January  Ifith,  1918. 
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more  intelligible  to  tlie  wider  interest  mentioned,  as  Tvell  as  to  demon- 
strate their  practical  application  in  many  cases,  and  to  suggest  the 
variables  still  remaining  to  be  determined  in  specific  instances,  it  has 
been  thought  wise  to  submit  in  this  r.ep.ort  principles  underlying  the 
drafts  of  specifications.  \j.nn  /t(' 

Your  Committee  believes  that  competent  highway  engineers  inay 
meet  successfully  the  demands  of  any  particular  case  by  following 
these  principles  and  eliminating  the  variables,  necessarily  left  therein 
in  order  to  express  conclusions  of  general  application,  after  proper 
consideration  of  the  local  factors  affecting  them. 

However,  it  does  not  believe  that  these  conclusions  as  to  specifica- 
tions will  offset  a  serious  lack  of  knowledge  or  experience  in  highway 
engineering  or  furnish  a  discriminating  ability  otherwise  lacking.  It 
also  wishes  to  warn  against  any  attempt  to  reduce  the  principles  for 
specifications  to  the  establishment  of  "the  one  best  pavement"  for 
any  conditions. 

One  of  the  main  activities  of  the  Committee  since  its  foundation 
has  been  toward  securing  accuracy  and  uniformity  in  the  recording 
of  data  connected  with  highway  work.  To  this  end  the  Committee 
has  suggested  tests  and  analyses  of  materials  in  detail,  records  of 
traffic,  costs,  construction  and  maintenance  details,  and  definitions  of 
terms  used  with  peculiar  meanings  in  highway  work.  When  it 
began  its  work  in  1909,  the  status  of  affairs  in  these  respects 
was  found  to  be  deplorable.  Since  then  the  work  of  this  Committee 
and  of  committees  on  similar  lines  from  other  societies,  as  well  as 
the  work  of  some  individuals,  has  materially  improved  the  situation. 
Your  Committee  has  made  some  suggestions  which  have  been  quite 
widely  adopted.  On  the  other  hand,  it  has  not  hesitated  to  endorse  the 
conclusions  of  others  where  such  action  seemed  proper,  hoping  thereby 
to  aid  materially  in  the  accomplishment  of  that  desirable  uniformity 
mentioned  above.  It  hopes  that  its  conclusions  may  be  generally 
approved,  even  at  the  sacrifice  of  some  minor  differences  of  opinion, 
in  order  that  uniformity  in  these  matters,  with  resulting  benefit,  may 
be  secured  at  the  earliest  possible  date.  The  Forms,  Analyses,  and 
Test  Details  will  be  found  in  the  Appendices  hereto  attached. 

In  its  previous  reports,  your  Committee  has  suggested  a  number 
of  matters  worthy  of  investigation.  Sufficient  time  has  not  yet  been 
available  to  the  Committee  for  reaching  satisfactory  conclusions  on 
all  these  points,  and  it  has  seemed  to  be  a  grave  question  whether 
or  not  it  would  be  able,  with  the  facilities  at  its  disposal,  to  reach 
such  conclusions  within  a  reasonable  period.  Your  Committee, 
therefore,  invites  the  attention  of  all  those  interested  to  the  following 
list  of  investigations  it  thinks  worthy  of  prosecution,  and  expresses 
the  hope  that  some  authoritative  data,  which  will  throw  light  on  these 
points,  may  in  some  way  be  secured  at  an  early  date: 
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The  effect  of  various  kinds  of  earth  or  soil  on  bituminous  carpets 
under  known  conditions  of  traffic ; 

The  efficiency  of  the  use  of  asphaltic  oils  for  surface  treatments 
on  gravel  and  broken-stone  roadways; 

The  standardization  of,  and  determination  and  expression  of  the 
consistency  of,  bituminous  materials  which  preferably  may 
permit  of  its  use  on  all  the  wide  range  of  such  materials, 
from  liquid  to  solid,  and  of  the  inter-relation  existing  in 
certain,  if  not  all,  cases; 

The  maximum  and  minimum  quantities  of  free  carbon  that  can 
be  successfully  allowed  in  tars  under  known  conditions  of 
other  constituents  of  the  tar,  of  climate,  of  traffic,  and  of 
methods  of  use; 

Methods  of  determining  the  adhesive  strength  of  bituminous 
cements ; 

The  advisability  of  incorporating  in  bituminous  pavements,  built 
by  the  penetration  method,  bituminous  material  in  excess  of 
the  minimum  quantity  necessary  for  the  production  of  satis- 
factory results; 

The  determination  of  the  amount  of  internal  wear  of  the  mate- 
rials comprising  a  macadam  roadway  under  known  conditions 
of  traffic,  and  the  effects  on  the  internal  wear  of  increasing 
or  diminishing  the  size  of  the  stone  in  the  courses; 

The  determination  of  the  causes  of  cracks  in  concrete  and  brick 
roadways,  and  the  best  methods  to  be  used  to  reduce  such 
cracks  to  a  minimum; 

Rolling  or  other  methods  calculated  to  increase  the  surface  density 
of  cement-concrete  pavements; 

The  relative  merits  of  one-course  and  two-course  plain  cement- 
concrete  pavements,  and  plain  and  reinforced  cement-concrete 
pavements ; 

The  relative  efficiency  of  bituminous  and  cement  fillers  for  block 
pavements ; 

The  determination  of  the  quality — which  might  be  called  its 
hardness  or  resiliency — of  wood  used  for  paving  purposes; 

The  continuance  of  traffic  census,  and  study  of  the  results  ob- 
tained, to  determine  the  effect  of  motor  traffic  on  various 
roadway  surfaces,  and  especially  with  reference  to  the  speed 
of  the  vehicle,  and  the  establishment  and  expression  of  any 
relation  between  the  traffic  and  the  life  or  cost  of  any  pave- 
ment ; 

The  further  study  of  suitable  joints  for  block  pavements  on  steep 
grades ; 

Proper  methods  of  sampling  highway  materials. 
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Many  points  are  as  yet  undetermined,  and  seem  improbable  of  early 
settlement.  Conclusions,  in  many  instances,  will  be  hastened  by  a 
prompt  agreement  among  investigators  that  uniformity  is  fully  as 
necessary  as  accuracy  in  their  work,  and  that  the  use  of  methods  of 
analysis  conforming  to  those  carefully  specified  in  this  report  will 
produce  better  and  quicker  results  than  a  wide  use  of  various  methods, 
more  or  less  accurate  in  some  details,  but  not  consonant  with  those 
of  the  Committee.  The  conclusions  of  your  Committee  have 
been  reached  and  expressed  after  careful  consideration  of  the  work 
of  committees  of  other  societies  and  with  intimate  knowledge  of  the 
details  of  that  work  through  the  membership  on  these  other  committees 
of  members  of  this  Committee. 

1'  Your  Committee  is  impressed  by  the  importance  of  the  factor  of 
costs,  both  as  to  construction  and  maintenance  of  highways,  and  of 
the  need  for  comparable  records  of  such  data.  The  present  situation 
in  this  respect  is  unfortunate,  there  being  found  available  but  few 
records  of  costs  uniformly  or  logically  compiled.  Hence  comparisons 
are  difficult,  if  not  impossible.  Your  Committee,  therefore,  invites 
especial  attention  to  its  conclusions  and  forms  in  the  matters  of  costs. 
The  same  may  be  said  concerning  traffic  records.  The  propriety  of 
a  material  or  a  form  of  highway  construction  is  often  determined  by 
its  cost  under  known  traffic  conditions.  To  reduce  both  cost  and  traffic 
data  in  different  cases  for  purposes  of  comparison  requires  that  they 
be  expressed  in  some  uniform,  definite,  and  intelligible  manner. 

Your  Committee  submits  the  specific  conclusions  it  has  reached,  as 
follows : 

General  Conclusions. 

Selection  of  Roadway  Surface. — The  Committee  believes  that,  with 
the  development  of  highway  work,  it  should  be  constantly  more 
apparent  that  one  of  the  greatest  problems  to  be  solved  by  highway 
engineers  is  the  proper  selection  of  the  particular  material  and  form 
of  construction  to  be  used  which  will  most  efficiently  meet  the  con- 
ditions of  any  particular  case,  and  that  progress  will  be  hastened  by 
complete  recognition  of  this  fact.  It  recommends  that  the  selection 
of  the  kind  of  crust  or  pavement  be  based  on  the  following  factors, 
the  special  value  of  which  may  be  estimated  in  each  case  under  the 
local  conditions  of  traffic,  surroundings,  climatic  conditions,  and 
physical  and  financial  resources,  both  as  to  construction  and  main- 
tenance, with  proper  regard  for  probable  or  possible  changes  in  these 
circumstances:  First  cost,  maintenance  cost,  annual  cost,  ease  of 
maintenance,  durability,  cleanliness,  tractive  resistance,  slipperiness, 
favorableness  to  travel,  sanitariness,  noiselessness,  and  appearance. 

Traffic. — Your  Committee  desires  to  emphasize  the  fact  that  experi- 
ence   has    demonstrated    the    value    of    a    traffic    census    taken    both 
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preliminary  and  siibseqnent  to  the  construction  of  a  highway.  The 
traffic  census  should  be  considered  one  of  the  most  important  variable 
factors  in  the  solution  of  the  problem  of  the  selection  of  that  type  of 
construction  best  suited  to  local  conditions,  considered  from  the  stand- 
points of  both  economy  and  efficiency.  In  connection  with  the  census 
returns  on  any  highway,  should  be  considered  the  traffic  on  cross  and 
parallel  highways  and  the  effect  of  improvement  of  these  highways 
on  the  traffic  of  the  highway  under  construction.  The  bald  return  of 
a  traffic  census,  however,  should  not  be  the  sole  basis  of  the  selection 
of  the  type  of  construction,  but  should  be  considered  a  guide  in  deter- 
mining the  value  of  the  type  to  be  adopted.  In  considering  the  effect 
of  traffic  and  its  relation  to  the  design  and  cost  of  maintenance,  it 
is  necessary  to  take  into  account  the  speed  as  well  as  the  weight  of 
the  vehicles. 

;  Costs. — The  Committee  recommends  that  highway  departments,  in 
making  their  reports,  adopt  a  tabular  form  similar  to  the  one  sub- 
mitted in  Appendix  A. 

Grades. — A  choice  of  the  material,  or  methods  of  using  a  partic- 
ular material,  may  be  affected  by  the  grades  as  fixed.  Certain  materials 
or  results  of  using  materials  for  highway  surfacings  will  be  unsatis- 
factory outside  of  certain  limits  of  grades.  Conservative  practice 
fixes  the  maximum  limits  for  satisfactory  results  with  grades  as 
follows : 

Kind  of  Roadway.  Maximum  Grade. 

Asphalt   block    8.0% 

Bituminous   surfaces    6.0% 

Bituminous   concrete    .,..,^.;^.,r-. 8.0% 

Bituminous   macadam    8.0% 

r  cement    filler    j-i^.jV'^^I  6.0% 

Brick }  bituminous  filler 12.0% 

(  "Hillside"   block    15.0% 

Broken  stone 12.0% 

Cement-concrete 8.0% 

Gravel 12.0% 

Sheet-asphalt    5.0% 

c^         1 1     1     i  cement  filler   0.0% 

Stone  block  i  ,  • ,       .            n.-,  -,  -  a-^ 

(   bituminous  filler   lo.0% 

Wood   block    4.0% 

The  minimum  grades  allowable  will  depend  on  local  conditions  as 
to  climate,  type  of  construction,  character  and  amount  of  traffic, 
conditions  of  u.nderlying  and  adjacent  soil,  and  such-  other  circum- 
stances as  affect  drainage.  Except  for  roadways  on  fills,  where  the 
outside  edges  of  the  surfaces  of  the  shoulders  are  at  least  2  ft.  above 
the  level  of  the  adjacent  ground  or  water  level,  or   except   in  cases 
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where  the  roadway  is  laid  over  sand  of  such  a  character  that  it  iiever 
becomes  water-logged,  a  longitudinal  grade  lor  the,  roadway  :. of  Jes^s 
than  one-half  of  1%  should  not  be  used  for  roads.'  'to  ani.rijfe  nxd  'ry.'x 

On  streets  where  the  smoothness  and  evenness  of  the  roadway 
surface  may  be  confidently  expected  to  be  the  greatest,  and  where 
conformity  to  the  proposed  elevations  of  surface  is  more  carefully 
sought  and  more  accurately  possible,  a  minimum  grade  of  as  lov/  as 
one-qiiarter  of  1%  has  sometimes  given  satisfactory  results  in  an 
emergency ;  but  a  minimum  of  one-half  of  ,%%  .vould  be  better  as  an 
established  standard.  u-rn^  'ii 

Widtlis. — The  width  of  the  roadway  to  be  built  will  be  determined 
largely  by  local  circumstances,  but,  in  view  of  the  recent,  constant, 
and  rapid  increase  of  traffic  on  highways,  both  in  number  of  vehicles 
and  in  size  of  loads,  it  will  be  in  the  interest  of  economy  for  designs 
of  highways  to  be  made  with  proper  consideration  of  further  increase. 

Where  motor  traffic  forms  a  considerable  proportion  of  the  total 
traffic  likely  to  use  a  highway,  the  unit  width  of  traffic  lines  to  be 
considered  is  9  or  10  ft.,  instead  of  7  or  8  ft.,  as  heretofore,  because 
of  greater  clearance  required  for  the  safe  passing  of  the  units  of  such 
traffic. 

Where  bituminous  pavements  are  laid,  the  edges  need  protection, 
and  a  sudden  transition  from  the  pavement  to  an5'  soft  shoulder 
material  should  be  avoided  by  means  of  extra  width,  or  of  cement- 
concrete  or  other  edges,  or  such  reinforcement  of  the  shoulder  material 
as  may  be  necessary. 

The  width  of  roadways  of  rigid  material,  such  as  cement-concrete 
or  vitrified  block,  should  be  at  least  equal  to  what  would  be  pre- 
scribed under  local  conditions  for  a  less  rigid  sul"facing.  The  great 
difference  between  the  firmness  of  a  rigid  roadway  surfacing  and  of 
material  frequently  available-  for  the  shoulders  thereto,  often  makes 
it  necessary  for  safety  and  convenience  of  traffic,  as  well  as  for  economy 
of  maintenance,  that  the  rigid  surfacing  shall  be  built  wider  than 
would  answer  for  a  more  flexible  surfacing,  such  as  water-bound 
macadam,  for  instance,  under  the  same  local  conditions.  For  single- 
track  roadways,  the  width  of  the  pavement  should  not  be  less  than 
10  ft.,  and  for  two  lines  of  traffic,  it  should  not  be  less  than  18  ft., 
unless  exceptionally  durable  shoulders  are  provided.  In  a  street  or  alley, 
the  width  will  ordinarily  be  determined  by  the  necessary  location  of 
the  curb. 

Too  narrow  a  width  of  roadway  encourages,  if  it  does  not  compel, 
concentration  of  traffic  to  such  an  extent  as  frequently  to  make  unfair 
demands  on  what  would  otherwise  be  a  suitable  and  efficient  material 
for  the  surfacing.  This  may  be  especially  noticeable  at  abrupt  changes 
in  the  lines  of  the  highway,  where  any  tendency  toward  the  improper 
concentration   of  traffic  into   too  narrow  areas   should  be   avoided,   as 
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far  as  possible,  by  sticli  adjustment  or  separation  of  lines,  and  adjust- 
ment of  width,  of  crown,  or  of  slope,  of  the  roadway  surfacing  as  will 
keep  the  strains  of  the  surfacing  material  within  reasonable  limits. 

Too  great  a  width  for  the  roadway  surfacing  is  as  unwise  in  many 
ways  as  too  little.  Excessive  width  not  only  results  in  unnecessary 
first  cost  and  interest  charges,  but  also  in  needlessly  increased  main- 
tenance and  cleaning  costs.  Further,  especially  in  the  cases  of  those 
pavements  where  at  least  a  minimum  amount  of  travel  is  needed  to 
preserve  the  surface  in  good  condition,  an  excess  of  width  may  result 
in  the  development  of  areas  from  which  disintegration  of  the  whole 
pavement  may  rapidly  spread. 

Thichness. — In  determining  the  thickness  of  any  road  crust  or 
pavement,  there  must  be  consideration  of  the  character  of  the  founda- 
tion and  of  the  weight  of  the  vehicles  to  be  supported.  Although  the 
general  practice  has  been,  too  often,  perhaps,  to  use  mass,  for  the  sake 
of  safety  in  the  preparation  of  the  pavement,  it  now  appears  evident 
that  some  waste  has  been  incurred  in  this  direction,  and  that  a  more 
scientific  determination  of  the  thickness  is  possible  without  sacrifice 
of  safety  and  yet  with  economy.  However,  in  view  of  the  recent, 
constant,  and  rapid  increase  of  the  weight,  and  consequently  of  the 
strains,  caused  by  the  traffic,  it  will  be  in  the  interests  of  economy 
for  all  designs  of  highways  to  be  made  with  proper  consideration  of 
further  increases. 

In  considering  the  character  and  capabilities  of  the  foundation 
relative  to  the  forces  coming  thereon  through  a  pavement,  the  con- 
dition of  the  foundation  under  the  most  adverse  conditions  likely  to 
exist  for  withstanding  the  forces,  and  the  traffic  stresses  present  and 
probable,  and  the  character  of  the  surfacing  itself,  should  be  taken 
into  accoimt.  An  absorbent  sub-grade  material  likely  to  become 
soaked  with  water  so  as  to  weaken  its  supporting  power  may  require 
a  thicker  slab,  or  even  the  addition  of  an  artificial  foundation,  in  order 
to  disperse  properly  the  stresses  from  the  surface  of  the  pavement. 
Por  instance,  if  laid  on  a  strong  sub-grade  and  one  likely  to  remain 
always  in  good  condition,  the  minimum  thickness  of  6  in.  for  a  broken 
stone  roadway  will  be  sufficient,  and  possibly  even  4  in.  will  be  enough 
where  the  vehicles  passing  over  the  road  are  comparatively  light,  that 
is,  of  1  or  2  tons  on  four  wheels.  With  a  concrete  slab,  ordinarily, 
from  4  to  8  in.  in  thickness  will  suffice,  though,  in  order  to  prevent 
the  possibility  of  a  sudden  rupture  of  the  slab  on  some  sub-grades 
by  an  exceptional  load,  a  uniform  thickness  above  the  minimum  may 
be  wise.  Again,  mass — that  is,  unusual  thickness — may  in  some  cases 
be  desirable  with  the  use  of  a  minimum  of  cement,  not  only  for  reasons 
of  economy,  but  also  for  the  purpose  of  avoiding  the  ill  effects  of  frost 
and  ix)ssibly  of  preparing  for  future  developments  that  may  seem 
probable.     A  thickness  for  a  concrete  slab  in  excess  of  8  in.  should 
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be  determined  upon  only  after  thoroughly  considering  the  possibilities 
of  meeting  the  necessities  of  the  case  by  other  means,  such  as  improv- 
ing the  sub-grade. 

Although  the  distribution  by  the  road  crust  or  pavement  of  the 
traffic  stresses  through  it  to  the  foundation  is  not  at  present  within 
the  possibilities  of  calculation  in  the  case  of  all  types  of  pavements, 
progress  has  been,  and  is  being,  made  along  these  lines.  Logical  and 
fairly  accurate  formulas  have  been  developed  in  the  case  of  broken 
stone  road  crusts,  and  studies  productive  of  some  results  have  been 
made  in  the  case  of  some  other  surfacings.  Also,  the  bearing  power 
of  soils  of  different  kinds  has  been  given  considerable  study.  These 
studies  should  be  encouraged  and  carried  on,  so  that  the  -thickness  of 
the  road  crust  or  pavement  for  any  type  may  be  rationally  determined. 

Uniformity  of  thickness  for  the  surfacing  is  made  for  the  purpose 
of  conducing  toward  uniformity  of  wear.  Variations  in  the  thickness 
of  such  surfacings  as  sheet- asphalt,  for  instance,  invariably  result  in 
non-uniformity  of  wear,  with  a  restilting  increase  of  expense  for 
satisfactory  maintenance;  and  it  is  believed  that  the  same  cause  is 
responsible  for  many  of  the  difficulties  experienced  in  the  maintenance 
of  block  pavements  of  various  types.  The  development  of  depressions 
in  the  surfaces  of  these  pavements  and  the  deterioration  of  areas  of 
the  pavement  seem  to  be  explained  by  the  irregularities  in  the  thickness 
of  the  surfacing  or  of  the  cushion  or  foundation  under  the  surfacing 
over  such  areas,  which  irregularities  produce  unequal  settlement  or 
decided  differences  in  rigidity. 

The  thickness  of  the  pavement  or  surfacing,  of  course,  will  be 
dependent  largely  on  its  type.  Approved  practice  establishes  the 
limits  shown  in  Table  1  for  the  extremes  of  thickness  for  the  various 
layers  of  the  pavement  or  road  crust. 

TABLE  1. 


Kind  of  roadway. 


Asphalt  block 

Bituminous  surfaces 

Bituminous  concrete 

Bituminovis  macadam 

Brick 

Broken  stone 

Cement-concrete  -'  2^^  course 
L^emeni  concrere  ^  j,^^  course 

Gravel 

Sheet  asphalt 

Stone  block 

Wood  block 


Thickness 

of  artificial 

foundation* 

(ordinary), 

in  inches. 


5  to 
4  to 
3  to 

3  to 

4  to 
3  to 


4  to    8 

4  to    8 

5  to  8 
5  1ol2 
5  to    8 


Thickness  of 
sand  cushion 

or 

binder  course, 

in  inches. 


H  to  m 


to  1^ 
to  2 
to    Vi 


Thickness 
of  wearing 

course, 
in  inches. 


2  to  Sl,i 
H  to  % 
\ys  to  3 

2  to  3 

3  to  4 
2  to  3 
5      to  8 

2 
2      to  4 
11^  to  2 
214  to  5 
3J/2  to  4 


*  Not  including  extraordinary  provisions  such  as  V-drains  or  "  sub-base "'  courses. 
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Drainage. — The  use  of  awj  form  of  pavement  or  road  crust,  whether 
bituminous  or  non-bituminous,  does  not  relieve  the  necessity  for  proper 
drainage  in  every  case.  It  is  not  only  necessary  to  provide  for  such 
under-drainage  as  will  place  and  keep  the  sub-grade  in  a  condition 
satisfactorily  free  from  moisture  and  in  a  state  of  suitable  efficiency, 
but  it  is  also  necessary  to  provide  and  to  preserve  economically'^  such 
provisions  for  surface  drainage  as  will,  with  the  provisions  for  under- 
drainage,  insure  these  results  fairly  permanently.  Storm-water  com- 
ing to  the  roadway  must  be  carried  quickly  and  rapidly  away  from  it 
by  automatic  arrangements  to  the  natural  watercourses  where  it  can 
be  finally  disposed  of.  The  arrangements  referred  to  and  so  made, 
such  as  inlets,  ditches,  gutters,  and  culverts,  should  be  designed  and 
placed  so  as  give  the  least  possible  offense  to  the  users  of  the  roadway 
and  the  abutters,  and  yet  be  built  so  as  to  preserve  their  integrity 
and  efficiency  with  the  least  need  for  attention  and  expense,  under 
even  the  most  persistently  adverse  natural  conditions.  A  proper  longi- 
tudinal grade  for  ditches  and  gutters  is  particularly  important,  in 
order  that  the  ill  effects  of  standing  water  may  be  avoided.  A  proper 
cross-section  for  ditches  is  also  important,  in  order  that  the  water 
may  not  become  obstructed  by  the  sliding  in  of  the  sides. 

The  under-drainage  of  the  roadbed,  where  a  cement-concrete 
roadway  or  an  artificial  foundation  of  cement-concrete  is  to  be  pro- 
vided, should  be  at  least  as  good  as  that  which  would  be  required  in 
most  cases  of  other  surfaces,  because  the  rigidity  of  the  cement-con- 
crete slab  does  not  permit  it  to  adapt  itself — as  is  the  case,  for  in- 
stance, with  such  a  surface  as  macadam — without  injury  to  changes  in 
the  sub-grade  resulting  from  defective  drainage. 

As  related  to  drainage,  the  matter  of  the  crown  of  the  roadway  is 
particularly  imiDortant.  The  ideal  roadway  surface  would  be  flat  in 
cross-section  were  it  not  for  the  necessity  for  the  removal  of  surface 
water  to  the  channels  where  it  must  be  most  conveniently  carried 
along.  Crowning  the  roadway  tends  to  concentrate  the  traffic  on  the 
ridge,  where  it  is  then  most  comfortable  for  the  travelers,  and  the 
amount  of  crown  which  will  result  in  this  concentration  on  the  ridge 
varies  with  the  type  of  pavement.  Also,  the  rate  of  crown  necessary 
for  the  i^roper  removal  of  storm-water  to  the  gutters  or  ditches  varies 
with  the  type  and  with  the  provisions  to  be  made  for  the  cleaning  and 
the  upkeep  of  the  roadway  surface.  In  the  general  practice,  the 
amount  of  crown  for  the  shoulders  of  an  imcurbed  roadway  has  usually 
been  a  cross-slope  of  1  in.  per  ft.,  the  shoulders  being  of  the  natural 
earthy  material,  and  this  rate  is  to  be  recommended  for  shoulders, 
except  in  special  cases. 

With  pavements  inclined  to  be  slippery  under  certain  conditions 
the  crown  should  be  reduced  to  the  lowest  possible  minimum  consistent 
with  surface  drainage;  and,  where  the  longitudinal  grade  is  sufficient 
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to  allow  the  water  to  run  off  freely,  the  crown  should  be  very  flat — not 
exceeding  3  in.  in  a  roadway  width  of  30  ft. 

TGi'i  For  the  various  roadway  surfacings,  the  practice  generally  observed 
and  to  be  recommended  is  stated  in  Table  2. 

TABLE  2. 


Kind  of  roadway. 


MaxitDum:'''     -i^'-' 


Mmimum. 


Asphalt  block 

Bituuiiuous  surfaces. . 
Bituminous  coucrete  . 
Bituminous  macadam 

Brick  pavements 

Broken  stone 

Cement-concrete 

Gravel 

Sheet-asphalt 

Stone  block 

Wood  block 


1/4  inch  to  Ihe  foot,.  ^'lOi 

^2   »*    "    "    moHlxii 


3!%  inch  to  the  foot. 

U  "    •■    "    '• 


'hf:^    H;      "■ 


Va    '■ 


Concave  pavements  of  cement-concrete,  vitrified  block,  or  stone 
block,  may  frequently  be  found  advantageous  for  alleys,  and,  in  such 
cases,  the  same  rates  of  slopes  in  cross-section  as  those  given  in  Table  2 
should  govern. 

Sub-Grade. — The  use  of  any  form  of  pavement  or  road  crust  does 
not  relieve  the  necessity  for  the  construction  of  a  well-drained,  thor- 
oughly compacted,  homogeneous,  and  stable  sub-grade  in  every  case. 
Indeed,  such  improvement  of  the  highway,  generally  attracts  heavier 
traffic,  and  thus  increases  the  stresses  in  the  sub-grade.  Even  when 
an  artificial  foundation  is  to  be  constructed  on  the  sub-grade,  proper 
care  should  be  taken  in  its  preparation  in  order  that  the  greatest 
economy  may  be  had  in  the  design  and  expense  for  the  artificial 
foundation,  and,  generally  speaking,  at  least,  the  higher  the  type  and 
the  more  expensive  the  artificial  foundation,  the  greater  care  should 
be  had  to  develop  to  the  utmost  the  possibilities  of  the  sub-grade. 
Uniformity  in  the  composition  and  compaction,  as  well  as  evenness 
of  its  surface,  is  far  more  important  than  has  been  generally  considered 
necessary,  and  permanence  of  all  the  desirable  qualities  in  the  sub-grade 
is  equally  important. 

When  an  artificial  foundation  or  a  cement-concrete  pavement  is 
used,  the  sub-grade  shoidd  be  as  carefully  prepared,  rolled,  and  com- 
pacted, as  for  any  other  roadway  surfacing,  and  should  be  made  to 
conform  accurately  to  the  proper  lines  and  grades.  If  necessary,  the 
sustaining  powers  of  the  natural  foundation  should  be  reinforced  and 
the  strains  in  it  thereby  further  distributed  by  the  interposition 
between  it  and  the  cement-concrete  slab  of  an  artificial  foundation 
consisting  of  a  layer,  or  layers,  of  sand,  gravel,  broken  stone,  or 
similar  material.  Eeliance  should  not  be  placed  on  the  concrete,  if 
used,  for  bridging  soft,  spongy,  or  unyielding  spots;  all  vegetable  or 
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perishable  matter  should  be  removed  from  the  sub-grade,  and  such 
other  material  substituted  as  will  insure  a  thoroughly  compacted  and 
homogeneous  sub-grade  for  the  concrete.  It  may  be  necessary,  for 
proper  compaction,  to  use  water  in  connection  with  rolling,  and,  in 
any  event,  cement-concrete  should  not  be  deposited  on  a  dry,  absorbent 
sub-grade. 

Every  precaution  should  be  taken  to  prevent  a  disturbance  of  the 
sub-grade  after  it  is  completed  and  until  the  next  layer  is  deposited. 

When  a  cement-concrete  or  other  rigid  pavement  is  to  be  con- 
structed over  an  old  surfacing  composed  of  gravel  or  broken  stone 
macadam,  the  old  pavement  should  be  loosened,  spread  to  the  full 
width  of  the  new  pavement,  and  then  thoroughly  compacted,  filling 
the  interstices  with  fine  material  and  re-rolling  until  a  dense  sub-grade 
is  obtained. 

Artificial  Foundations.— Where  the  character  of  the  traffic  justifies 
the  use  of  an  artificial  surfacing,  it  also  demands  a  correspondingly 
strong  foundation.  Whether  or  not  an  artificial  foundation  shall  be 
supplied  will  depend  on  the  local  conditions,  but,  in  the  selection  of 
the  materials  and  the  methods  of  construction  of  the  artificial  founda- 
tion, every  consideration  should  first  be  given  to  the  possibilities  for 
securing  the  greatest  efficiency  from  the  natural  foundation.  Economy 
in  reference  to  the  roadway  will  be  had  from  the  proper  choice  of  the 
various  materials  available  for  artificial  foundations,  such  as  sand, 
gravel,  broken  stone,  and  concrete. 

Owing  to  the  inherent  lack  of  elasticity  in  brick  or  cement-concrete 
pavements,  it  is  especially  necessary  that  the  surface  of  the  wearing 
course  of  such  pavements  shall  be  built  and  remain  smooth  and  true 
to  contour,  for  the  sake  of  ease  of  traction,  comfortable  riding,  and 
integrity  of  the  surface,  particularly  where  a  cement  filler  for  the 
joints  is  used.  Special  care,  therefore,  should  be  taken  in  these  cases 
to  provide  foundations  of  ample  strength  and  permanence  to  this  end. 
Stone  block  pavements  should  generally,  and  wood  block  pavements 
should  always,  be  laid  on  a  cement-concrete  foundation,  but,  in  case 
of  temporary  paving  with  stone  blocks,  any  type  of  stable  foundation 
may  be  used. 

Local  conditions,  occasionally,  may  justify  the  omission  of  an  arti- 
ficial foundation  for  brick  pavements  where  the  natural  foundation 
material  can  be  satisfactorily  prepared  and  a  reasonable  permanence 
then  expected  from  it,  where  a  relatively  low  first  cost  of  the  brick 
prevails  and  where  light  traffic  only  is  to  be  expected. 

Any  artificial  foundation  should  be  of  a  substantial  thickness  and 
be  properly  consolidated;  and  should  be  rendered  so  compact  that 
further  settlement  or  displacement  will  be  avoided  to  the  utmost. 

The  most  usual  proportions  for  a  cement-concrete  foundation  have 
been  one  part  cement,  three  parts  fine  aggregate,  and  six  parts  coarse 
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aggregate.  This  standard,  however,  is  empirical  rather  than  scientific, 
and  a  more  rational  proportion  should  be  developed  according  to  the 
needs  and  facilities  of  each  case.  Sometimes  it  may  be  desirable  to 
increase  the  mass  at  the  expense  of  unit  strength,  or  to  increase  the 
mass  for  the  sake  of  economy  in  the  more  expensive  material.  In 
mixing,  placing,  and  completing  a  cement-concrete  foundation,  the 
principles  expressed  under  the  head  of  "Cement-Concrete  Pavements" 
apply,  and  reference  thereto  should  be  had. 

Materials. — Having  determined  the  characteristics  desirable  for  the 
materials  to  be  used  in  any  highway  work,  their  description  in  the 
specifications  should  be  concise,  clear,  and  exact.  Although,  in  some 
cases,  it  may  not  be  possible  to  designate  precisely  the  characteristics 
desired,  it  will  be  possible  to  specify  that  these  qualities  shall  lie 
between  certain  limits,  thus  giving  a  reasonable  tolerance  to  the  de- 
termination of  the  quality  by  test  as  well  as  avoiding  uncertainty  as 
to  whether  or  not  a  quality  in  this  respect  of  a  material  offered  is 
suitable.  The  description  of  a  material  by  means  of  a  trade  name  is 
permissible  only  in  most  unusual  cases,  and  such  a  description  as 
"equal  to"  another  similar  material  should  never  be  used.  Qualities 
of  a  material  or  methods  of  its  use  should  not  be  left  "to  the  satisfac- 
tion of  the  engineer"  or  "as  determined  by,  or  in  the  opinion  of,  the 
engineer." 

Specific  tests  and  such  description  of  the  methods  of  performing 
each  test  as  will  leave  no  room  for  doubt  as  to  whether  the  results  of  the 
tests  come  within  the  limits  of  tolerance  should  always  be  expressed, 
either  in  detail  or  by  reference  to  the  standards  of  some  reputable 
authorities.  The  tests  and  methods  of  performing  them,  to  be  found 
in  detail  in  Appendices  B  and  C,  are  recommended  for  this  purpose. 

Whenever  comprehensive  specifications  are  to  be  prepared  so  as  to 
admit  a  variety  of  types  of  bituminous  materials,  separate  specifica- 
tions, as  may  be  necessary,  should  be  written  for  each  type. 

Joints. — For  the  ordinary  joints  in  block  pavements,  the  materials 
and  methods  of  filling  should  be  selected  so  as  to  produce,  not  only  a 
surface  which  will  retain  to  the  utmost  its  imperviousness  and  the 
stability  of  the  blocks  themselves  in  place,  but,  also,  they  should,  as 
far  as  practicable,  conduce  toward  evenness  of  wear  of  the  surface  of 
the  pavement.  If  the  blocks  are  resistant  to  abrasion,  but  are  in- 
clined to  round  off  at  the  edges  of  the  upper  surface  under  traffic,  such 
filling  of  the  joints  is  desirable  as  will  reduce  rounding  off  at  the 
joints.  On  steep  grades,  where  some  roughness  of  surface  may  be 
desirable  for  the  sake  of  affording  better  foothold  for  animals,  some 
openness  at  the  top  of  the  joint  is  desirable,  and  the  softer  joint  fillers, 
less  resistant  to  wear,  may  be  preferred. 

Joint  fillers  naturally  are  divided  into  two  main  classes — the  hard 
cement-mortar  filler  and  the  soft  bituminous  filler.     As  it  is  desirable 
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to  secure  water-proof  pavements,  sand  alone  should  never  be  used  as 
a  joint  filler.  Though  the  use  of  sand  joints  may  occasionally  appear 
to  be  justified  in  the  interests  of  economy,  it  will  generally  be  found 
unwise  to  use  such  joints  when  some  relatively  slight  additional  first 
cost  will  result  in  appreciably  prolonging  the  life  of  the  pavement.  A 
bituminous  filler  may  be  preferred  to  a  cement-grout  filler  on  account 
of  the  lower  cost  of  street  opening  repairs,  the  better  foothold  provided 
for  horses,  and  the  securing  of  a  more  elastic  and  less  noisy  pavement. 

Cement-mortar  joints  when  projjerly  made  will  conduce  to  in- 
tegrity of  the  surface.  The  proportions  of  sand,  cement,  and  water 
will  be  affected  by  local  conditions.  To  insure  the  best  results,  a  1 :  1 
mix  of  sand  and  cement  is  recommended.  Great  care  is  necessary  in 
mixing  and  applying  the  mortar  or  grout.  Uniformity  in  the  cement 
grout,  and  especially  skill  and  care  in  its  application,  are  essential  to 
success.  To  insure  uniformity,  there  should  be  a  constant  agitation 
of  the  mix,  up  to  the  moment  of  its  application,  and  no  more  water 
than  is  necessary  for  proper  fluidity  should  be  used.  Ample  time 
should  always  be  allowed  for  the  grout  to  set  thoroughly  before  the 
trafiic  is  admitted  to  the  roadway. 

With  bituminous  joint  fillers,  care  must  be  taken  to  select  materials 
which  will  not  be  too  brittle  in  cold  weather  and  so  chip  out  from  the 
joints  under  trafiic,  and  which  will  not  be  so  soft  in  hot  weather  as  to 
flow  out  of  the  joints  between  the  blocks.  It  is  believed,  although  not 
yet  generally  admitted  as  having  been  actually  proved  by  experience, 
that  the  use  of  a  bituminous  mastic  for  joint  filling  would  be  an  im- 
provement over  the  customary  practice  of  using  bituminous  material 
alone  for  this  purpose.  One  of  the  great  difficulties  with  bituminous 
fillers  of  any  kind  will  be  that  of  properly  filling  the  joints  between 
the  blocks,  and  great  care  must  be  taken  to  insure  this  result. 

Expansion-Contraction  Joints. — Joints  at  intervals  across  certain 
types  of  pavements,  such  as  brick  and  cement-concrete,  as  well  as 
along  the  curbs,  have  been  used  in  order  to  compensate  for  a  more  or 
less  unavoidable  movement  of  the  pavement  slab,  which  takes  place 
under  different  conditions  of  moisture,  or  temperature  of  the  air.  In 
cases  where  expansion-contraction  joints  across  the  roadway  at  inter- 
vals are  decided  on,  the  Committee  recommends  the  use  of  bituminous 
material  and  the  abandonm_ent  of  all  forms  of  the  so-called  "armored" 
joints,  because  of  the  smaller  interruption,  to,, the  homogeneity  of  the 
roadway  surface  thus  secured.  [fjiiTi-^-'b   si 

Cushion  Courses. — The  fu.iiction  of  a  cushion  between  the  brick  or 
block  on  an  artificial  foundation  of  cement-concrete  is  to  allow  for 
irregularities  in  the  surface  of  the  concrete  and  in  the  depths  of  the 
brick  or  block,  and  to  give  resiliency  to  the  wearing  course.  If  the 
surface  of  the  concrete  foundation  is  made  true  to  the  adopted  cross- 
section,  and  as  the  variation  in  depths  of  the  brick  or  block  decreases. 
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the  thickness  of  a  sand  cushion  may  be  correspondingly  decreased. 
The  thickness  should  never  be  greater  than  that  necessary  to  compen- 
sate for  the  nnevennesses  referred  to  plus  such  a  thickness  in  the 
layer  as  will  enable  the  latter  to  perform  satisfactorily  its  function  as 
a  cushion,  that  is  to  say,  about  ^  in.  for  this  latter  addition.  If  the 
surface  of  the  concrete  is  truly  parallel  with  the  finished  pavement, 
and  if  the  variation  in  the  depths  of  the  bricks  or  blocks  does  not 
exceed  4  in.,  the  thickness  of  a  sand  cushion  can  safely  be  reduced  to 
f  in.  The  material  which  has  generally  been  used  for  the  cushion 
course  is  sand,  but  engineers,  recently,  have  been  considering  the  ad- 
visability of  using  Portland  cement  mortar  instead,  the  mortar  being 
spread  either  on  the  surface  of  the  concrete  foundation  after  the  latter 
has  been  completed,  or  being  laid  as  a  part  of  the  foundation  itself. 
The  objection  made  by  some  to  mortar  is  that  it  makes  too  solid  a 
base  for  the  blocks  and  gives  no  resiliency.  This  at  present  seems  to 
be  a  moot  question.  The  substitution  of  the  mortar  results  in  a  mono- 
lithic structure,  perhaps  of  greater  strength,  but  less  capable  of  ab- 
sorbing shock  without  injury  than  is  the  case  where  a  sand  or  bitu- 
minous cushion  is  introduced  between  the  wearing  surface  and  the 
foundation,  especially  where  the  joints  are  filled  with  a  bituminous 
filler. 

The  sand  for  a  cushion  course  may  be  slightly  more  loamy  than 
that  permissible  for  safety  in  mortar  or  cement  concrete  work.  This 
excess  loaminess  may  be  advantageous  in  offering  the  sand  a  greater 
ability  to  resist  displacement;  but  it  should  not  be  so  loamy  or  fine  as 
to  prevent  proper  spreading  and  compaction,  or  to  afford  such  a  degree 
of  capillarity  as  will  result  in  frost  action. 

A  bituminous  mixture  composed  of  sand,  stone  screenings,  or  pos- 
sibly wood  fiber,  and  a  bituminous  cement  would  probably  be  more 
satisfactory  for  many  reasons  than  either  the  mortar  course  or.  the 
sand  alone,  and  such  a  bituminous  mixture  needs  to  be  only  from  I  to 
J  in.  in  thickness,  provided  the  surface  of  the  concrete  foundation 
is  made  sufficiently  smooth  and  regular  in  contour. 

Finishing  of  Surface.— An  objectionable  slipperiness  of  many  pave- 
ments may  be  decreased  or  prevented  by  proper  precautions  during 
construction  or  by  proper  treatment  thereafter.^  The  length  of  time 
that  a  finished  pavement  should  be  closed  to  traffic  in  order  to  season 
properly  before  use  varies  from  a  few  hours  to  several  days,  dependent 
on  the  character  of  the  material  and  methods  used  and  on  climatic 
and  other  local  conditions.  Pavements  in  which  Portland  cement  is 
used  for  filling  the  joints  or  in  the  mass  of  the  surfacing  itself  should 
seldom,  if  ever,  be  closed  for  less  than  2  weeks  after  completion. 
Although  the  plans  and  specifications  usually  call  for  the  surface  to 
be  finished  to  definite  cross-sections,  grades,  or  cpn.t.ours  shown,  on  the 
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plans,  questions  frequently  arise  under  contracts  as  to  the  importance 
of  variations  in  exactness  of  compliance  in  the  finished  surface. 

The  Committee  has  had  a  number  of  observations  made,  from  the 
results  of  which  it  is  convinced  that,  in  a  newly  completed  pavement, 
the  variations  from  a  straight-edge  or  template,  8  ft.  in  length,  should 
not  exceed  J  in.  for  asphalt  block,  bituminous  concrete,  brick,  cement- 
concrete,  sheet-asphalt,  and  wood  block  pavements,  and  i  in.  for  broken 
stone  roads,  and  bituminous  macadam  and  stone  block  pavements. 

Manhole  Covers  and  Street-Car  Tracks  in  Roadway  Surfaces. — 
Uniformity  in  the  roadway  surface  being  essential  for  minimum  wear 
and  expense  of  maintenance,  anything,  such  as  manhole  covers  or 
street-car  tracks,  introducing  an  element  of  non-uniformity  into  the 
surface,  should  be  counteracted  as  far  as  possible  whenever  surfaces  of 
different  degrees  of  hardness  adjoin  in  a  pavement.  The  traffic  com- 
ing from  the  harder  to  the  softer  surface  naturally  causes  abnormal 
wear  on  the  latter. 

Practically  all  manhole  covers  are  laid  on  rigid  masonry,  so  that, 
unless  some  special  treatment  is  given  to  the  pavement,  there  is  apt 
to  be  undue  wear  adjacent  to  such  structures.  Where  the  pavement 
is  of  stone  block,  wood  block,  or  brick,  the  difference  in  hardness 
between  them  and  the  manhole  heads  is  not  so  great  as  with  other 
paving  materials,  so  that,  when  these  pavements  are  used,  they  can 
be  laid  flush  with  the  manhole  covers,  provided  extra  care  is  taken 
with  the  foundation  immediately  adjacent  to  the  heads,  to  prevent 
any  possible  settlement.  In  the  case  of  macadam  or  bituminous  pave- 
ments, a  different  treatment  should  be  used.  In  such  cases  the  pave- 
ment should  be  laid  about  i  in.  above  the  manhole  head.  This  will 
prevent  the  abnormal  wear  caused  by  the  pounding  action  of  the 
wheels  of  vehicles,  which  would  occur  if  the  pavement  surface  was  any 
distance  below  that  of  the  manhole  head,  a  condition  which  must  exist 
if  the  pavement  is  laid  level  with  such  heads,  as  it  is  not  possible  to 
compact  the  pavement  so  that  it  will  not  compress  under  the  traffic, 
forming  depressions  before  those  actually  caused  by  wear  begin. 

In  the  case  of  car  tracks  in  streets,  modern  construction  is  such 
that  the  tracks  are  nearly  rigid,  although  this  condition  does  not  exist 
in  all  cities  at  present.  Where  it  does  exist,  however,  the  pavement 
should  be  laid,  as  in  the  case  of  manhole  heads,  somewhat  above  the 
level  of  the  rail.  The  Committee,  however,  does  not  believe  that  in 
any  case  a  bituminous  pavement  should  be  laid  between  the  tracks  or 
between  the  rails  of  the  tracks.  When  car  tracks  are  laid  in  roads  the 
construction  is  not  generally  as  nearly  rigid  as  in  streets,  and  the  rails 
are  usually  of  the  T  form.  The  tracks  in  such  cases  are  often  laid  at 
the  side  of  the  road,  rather  than  in  the  center,  as  is  customary  in 
streets.  In  the  case  of  macadam  or  bituminous  roadways,  and  when 
the  rails  are  in  the  center,  it  would  be  advisable  to  lay  stone  blocks  or 
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brick  for  a  width  of  at  least  18  in.  adjacent  to  the  rails;  when  the 
rails  are  at  the  side  and  the  railroad  area  does  not  form  a  part  of  the 
roadway  proper,  loose  broken  stone  or  gravel  may  be  substituted  for 
the  stone  blocks  or  brick. 

Asphalt  Block  Pavements.* 

General. — Specifications  for  asphalt  block  pavement  should  cover 
thoroughly  the  several  components  of  the  bituminous  concrete  used, 
the  manufacture  of  the  blocks,  the  blocks  per  se,  and  the  details  of  con- 
struction of  the  pavement. 

Materials. — Experience  has  demonstrated  that  the  blocks  should  be 
composed  of  asphalt  cement,  crushed  trap  rock  or  equally  hard  and 
tough  material,  and  mineral  dust.  All  particles  of  the  trap  rock 
should  pass  a  i-in.  screen,  and  the  mineral  dust  or  filler  should  consist 
of  powdered  limestone.  The  bitumen  content  of  the  blocks  should  be 
between  6.5  and  8.5%,  depending  on  the  grading  of  the  mineral  aggre- 
gate and  the  method  of  manufacture.  The  specifications  should  con- 
tain specific  requirements  with  reference  to  the  asphalt  cement,  filler, 
and  the  grading  of  the  mineral  aggregate,  which  latter  should  be 
similar  to  the  following: 

Passing   200-mesh    sieve 20  to  35  per  cent. 

Passing  80-mesh  sieve  and  retained  on  200-mesh  sieve.  7  "  15  "  " 
Passing  20-mesh  sieve  and  retained  on  80-mesh  sieve.  .12  "  30  "  " 
Passing  i-in.  screen  and  retained  on  20-mesh  sieve.  ..  .30  "  50  "  " 
Retained  on  |-in.  screen 0    "      " 

The  specifications  should  also  cover  the  specific  gravity  of  dry 
blocks,  which  should  not  be  less  than  2.45  at  25°  cent.  (77°  Fahr.) 
and  the  percentage  of  absorption  of  water  of  the  blocks,  after  being 
dried  for  24  hours  at  a  temperature  of  65°  cent.  (149°  Pahr.),  should 
not  be  more  than  1%  after  immersion  in  water  for  7  days.  The  blocks 
should  be  about  5  in.  in  width  and  12  in.  in  length,  and  2,  2^,  or  3 
in.  in  depth,  depending  on  trafiic  conditions. 

Construction. — The  blocks  should  be  laid  on  a  fresh  ^-in.  mortar 
bed  which  covers  a  cement-concrete  foundation.  After  being  laid,  the 
blocks  should  be  covered  with  a  thin  layer  of  clean,  dry,  fine,  sharp 
sand  which  should  be  thoroughly  swept  into  the  joints  until  they 
are  filled. 

Bituminous  Concrete  Pavements.* 

Classification. — The  principles  to  be  covered  in  drafting  specifica- 
tions for  bituminous  concrete  pavements  will  be  grouped  under  the 


*  For  discussion  of  rates  of  grade,  crown,  artificial  foundation,  etc.,  see  "General 
Conclusions." 
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three  classes  into  which  these  pavements  generally  may  be   divided. 
These  classes  are  described  as  follows: 

Class  A. — A  bituminous  concrete  pavement  having  a  mineral  ag- 
gregate composed  of  one  product  of  a  crushing  or  screening 
plant ; 

Class  B. — A  bituminous  concrete  pavement  having  a  mineral  ag- 
gregate composed  of  a  certain  number  of  parts  by  weight  or 
volume  of  one  product  of  a  crushing  or  screening  plant  and 
a  certain  number  of  parts  by  weight  or  volume  of  sand,  broken 
stone  screenings,  or  similar  material,  with  or  without  a 
filler; 

Class  C. — A  bituminous  concrete  pavement  having  a  predeter- 
mined, mechanically  graded  aggregate  composed  of  broken 
stone,  broken  slag,  gravel,  or  shell,  with  or  without  sand.  Port- 
land cement,  fine  inert  material,  or  combinations  thereof. 

Bituminous  Concrete  Pavements,  Class  A. 

Mineral  Aggregate. — Broken  stone,  because  of  the  satisfactory  bond 
secured,  should  be  used  wherever  possible,  although  bituminous  con- 
cretes constructed  with  gravel  have  proved  satisfactory  for  light  traffic 
where  great  care  has  been  taken  in  the  selection  of  the  gravel  and  in 
the  construction  of  the  pavement. 

Broken  stone  should  be  clean,  rough-surfaced,  sharp-angled,  of  com- 
pact texture,  and  uniform  grain.  If  the  pavement  is  to  be  subjected 
to  medium  or  heavy  trafiic,  the  broken  stone  used  for  the  construction 
of  the  wearing  course  should  show  a  loss  or  abrasion  of  not  more 
than  3. .5%,  and  its  toughness  should  not  be  less  than  13. 

Especial  care  is  required  in  drafting  the  specifications  covering  the 
broken  stone  or  gravel  to  be  used.  An  excess  of  large  or  small  sized 
stone  or  gravel  should  be  avoided.  Practice  has  demonstrated  that  a 
mineral  aggregate  composed  of  those  materials  which  will  comply  with 
the  following  mechanical  analysis,  using  laboratory  screens  having 
circular  openings,  will  produce  satisfactory  results :  All  the  material 
shall  pass  a  l^-in.  screen ;  not  more  than  10%  nor  less  than  1%  shall 
be  retained  on  a  1-in.  screen;  not  more  than  10%  nor  less  than  3% 
shall  pass  a  |-in.  screen. 

Bituminous  Cements. — Experience  has  demonstrated  that  the  most 
efficacious  bituminous  concrete  pavements  of  Class  A  are  constructed 
by  using  suitable  asphalt  cements  or  refined  tars  in  the  mix,  and  as- 
phalt cements  for  seal  coats.  Satisfactory  results  will  be  secured  when 
tar  cements  are  used  for  seal  coats,  but  the  surface  must  be  re-treated 
more  frequently  than  when  asphalt  cements  are  used. 

Heating  Aggregates  and  Bituminous  Cements. — Although  satis- 
factory pavements  have  been  constructed  using  unheated  mineral  ag- 
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gregates  and  suitable  bituminous  cements,  service  tests  demonstrate 
that  the-  best  results  are  secured  by  using  for  the  mineral  aggregate 
broken  stone  or  gravel  which  is  heated  until  thoroughly  dry  to  between 
66°  cent.  (150°  Fahr.)  and  121°  cent.  (250°  Fahr.).  If  revolving 
dryers  in  which  the  flame  is  permitted  to  come  in  contact  with  the 
aggregate  are  used,  great  care  should  be  taken  to  ensure  uniformity  of 
heating  and  so  avoid  the  danger  of  burning  the  aggregate. 

In  order  to  obtain  a  fluidity  of  the  bituminous  material  which 
should  be  sufficient  to  ensure  a  proper  coating  of  the  mineral  particles 
in  cases  where  a  heated  aggregate  is  iised,  and  also  to  prevent  injury 
to  the  bituminous  material,  the  asphalt  cements  should  be  heated  to  a 
temperature  between  135°  cent.  (275°  Fahr.)  and  177°  cent.  (350° 
Fahr.),  and  refined  tars  to  a  temperature  between  93°  cent.  (200° 
Fahr.)  and  135°  cent.  (275°  Fahr.). 

Mixing. — The  quantity  of  bituminous  cement  to  be  used  in  the  mix 
will  depend  on  the  kind  of  broken  stone  or  gravel  and  bituminous 
cement,  the  character  of  the  aggregate,  the  climatic  conditions,  etc. 
For  the  aggregate  heretofore  mentioned,  the  bituminous  concrete  mix- 
ture should  contain  between  5  and  8%  by  weight  of  bitumen. 

The  bituminous  concrete  should  be  mixed  in  mixers  designed  and 
operated  so  as  to  produce  and  discharge  a  thoroughly  coated  and  uni- 
form mixture  of  non-segregated  aggregate  and  bituminous  cement. 
Except  on  small  contracts  and  for  repair  work,  mixers  which  provide 
for  the  heating  of  the  aggregate  by  the  use  of  a  flame  in  the  mixing 
chamber  should  not  be  used,  on  account  of  the  danger  of  burning  the 
aggregate  or  the  bituminous  cement.       -xWAiVJ    .olr/ziora-'^ii   [(v. 

Laying. — To  ensure  ease  of  manipulation  and  the  proper  compac- 
tion of  the  bituminous  concrete,  the  mixture  as  delivered  on  the  road- 
way should  have  a  temperature  of  not  less  than  66°  cent.  (150°  Fahr.). 
Experience  has  demonstrated  that  a  thickness,  after  rolling,  of  2  in. 
of  bituminous  concrete  is  economical  and  efficacious.  In  order  to 
secure  an  even  surface  and  adequate  compaction  by  a  thorough  inter- 
locking of  the  particles  of  the  aggregate,  a  tandem  roller  weighing 
between  10  and  12  tons  should  be  used. 

Seal  Coat. — A  seal  coat  should  always  be  used  on  this  type  of  bitu- 
minous concrete,  as  maintenance  charges  and  annual  cost  will  be  re- 
duced materially  thereby.  The  seal  coat  should  consist  of  from  4  to  1 
gal.  per  sq.  yd.  of  bituminous  cement,  uniform.ly  distributed,  preferably 
by  the  use  of  a  hand-drawn  distributor  followed  by  a  squeegee.  The 
bituminous  cement  should  be  covered  with  an  application  of  dry  stone 
chips,  which  should  be  rolled. 

Seasonal  Limitations. — Bituminous  concrete  of  this  type  should 
not  be  mixed  or  laid  when  the  air  temperature  in  the  shade  is  lower 
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than  10°  cent.  (50°  Fahr.),  as  otherwise  it  is  difficult,  under  average 
conditions,  to  secure  an  even  and  well  compacted  wearing  course. 

Bituminous  Concrete  Pavements,  Class  B. 

Specifications  for  pavements  of  this  class  have  generally  stipulated 
that  so  many  parts  of  broken  stone  or  gravel  and  so  many  parts  of 
sand  or  other  fine  material  are  to  be  mixed  with  a  certain  quantity  of 
bituminous  cement.  By  the  use  of  this  specification,  and  with  unusual 
supervision,  it  is  practicable  to  secure  a  fairly  well-graded  aggregate, 
but  in  most  cases  the  mixture  will  be  found  to  contain  an  excess  of 
broken  stone,  with  insufficient  fine  material  to  fill  the  voids  therein, 
and  in  other  cases  it  will  contain  an  excess  of  sand  in  which  the  broken 
stone  is  held  as  isolated  particles. 

Bituminous  Concrete  Pavements,  Class  C. 

This  type  includes  the  so-called  "Topeka"  mixture,  and  several 
kinds  of  patented  pavements. 

Topeka  Bituminous  Concrete  Pavement. — If  the  Topeka  pavement 
specification  embodies  the  grading,  as  contained  in  the  decree  of  1910, 
namely, 

Bitumen,  from  7  to  11  per  cent. 

Mineral   aggregate,   passing   200-mesh   screen,   from   5   to    11   per 

cent. 
Mineral   aggregate,   passing   40-mesh   screen,   from   18   to   30   per 

cent. 
Mineral   aggregate,   passing   10-mesh   screen,   from   25   to   35   per 

cent. 
Mineral    aggregate,    passing    4-mesh    screen,    from    8    to    22    per 

cent. 
Mineral  aggregate,  passing  2-mesh  screen,  less  than  10  per  cent., 

special  provisions  should  be  made  in  the  specifications  covering  the 
broken  stone  and  sand  to  be  used,  in  order  to  secure  satisfactory 
grading.  Otherwise,  the  principles  stated  under  "Bituminous  Con- 
crete Pavements,  Class  A",  should  be  followed,  except  that  a  seal  coat 
is  not  considered  necessary  under  many  conditions  Avhere  this  type  of 
pavement  is  used. 

Patented  Bituminous  Concrete  Pavements. — In  cases  where  patented 
bituminous  concrete  pavements  of  Class  B  or  Class  C  are  used,  the 
same  fundamental  principles  observed  under  "Bituminous  Concrete 
Pavements,  Class  A"  should  be  followed,  especially  in  the  case  of  cover- 
ing in  detail  the  composition  and  grading  of  the  mineral  aggregate, 
and  the  physical  and  chemical  properties  of  the  bituminous  cements 
used. 
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Bituminous  Macadam  Pavements  * 

Materials. — The  broken  stone  should  be  of  a  quality  equal  to  that 
prescribed  for  broken  stone  roads,  and  should  have  the  same  character- 
istics.    The  bituminous  materials  may  be  of  asphalt  or  refined  tar. 

Construction. — The  principles  relating  to  thickness  applicable  to  a 
broken  stone  road  are  likewise  applicable  to  bituminous  macadam  pave- 
ments, and  thorough  rolling,  including  the  rolling  of  the  upper  course, 
both  before  and  after  the  application  of  the  bituminous  material,  is 
also  necessary.  As  it  is  desired  to  bind  only  the  upper  course  with 
bituminous  material,  it  is  necessary,  in  order  to  prevent  waste  by 
penetration,  that  there  should  be  no  appreciable  voids  in  the  next  lower 
course.  It  is  not  necessary,  however,  to  flush  the  filler  or  binder  in 
this  course  to  the  same  extent  as  is  necessary  in  binding  the  top  course 
of  a  water-bound  road,  and  it  is  absolutely  essential  that  no  binder 
should  cover  the  stones  of  the  lower  course  when  the  top  course  is 
spread. 

The  quantity  of  bituminous  material  used  should  be  only  sufilcient 
to  penetrate  through  the  upper  course.  The  quantity  per  square  yard 
cannot  be  prescribed  absolutely,  depending  in  some  degree  on  the 
hardness  and  size  of  stone  used,  but,  in  general,  the  application  of  1 
gal.  or  less  to  the  square  yard  for  each  inch  in  thickness  of  the  finished 
upper  course  is  adequate. 

The  use  of  a  pressure  distributor  in  applying  the  bituminous  ma- 
terial is  essential,  and  the  distributor  should  be  of  such  type  that  abso- 
lutely uniform  application  may  be  accomplished,  and  that  no  ruts  are 
formed  in  the  surface  by  the  wheels  supporting  the  distributor. 

The  bituminous  material  should  be  applied  at  such  a  temperature 
that  it  will  flow  freely,  and,  to  insure  proper  penetration,  the  stone 
should  be  dry  and  clean,  and  the  air  temperature  should  not  be  lower 
than  10°  cent.  (50°  Fahr.)  during  application. 

In  order  to  secure  a  proper  surface,  the  covering  material  should 
preferably  consist  of  the  crusher  product  passing  over  a  i-in.  screen 
and  through  a  f-in.  screen.  Finer  material,  however,  may  be  used  for 
covering  if  a  slippery  surface  is  not  objectionable,  but  the  use  of  ma- 
terial passing  through  a  10-mesh  sieve  should  be  avoided. 

The  use  of  a  bituminous  material  by  no  means  justifies  any  lack 
of  care  in  the  ordinary  details  to  be  followed,  but  rather  increases  the 
need  for  thoroughness  and  skilled  supervision.  The  main  principles 
underlying  good  construction  in  water-bound  roads  remain  in  full  force 
when  such  roads  are  treated  with  bituminous  material.  Whatever 
method  may  be  used  in  any  case,  it  is  as  essential,  in  bituminous  work 
as  in  water-bound  construction,  that  a  suitable  quality  of  road  metal 
be   used. 

*  For  discussion  of  rates  of  grade,  crown,  artificial  foundation,  etc.,  see  "General 
Conclusions." 
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Bituminous  Surface  Treatments.* 

Description. — The  proper  treatment  of  a  broken  stone,  gravel,  shell, 
or  slag  roadway  with  bituminous  material,  for  the  purpose  of  elimi- 
nating the  so-called  dust  nuisance,  will  at  the  same  time  render  even 
the  best  of  such  roadways  more  efficient  for  sustaining  traffic,  and  such 
treatment  with  bituminous  materials  is  usually  preferable  and  more 
economical  than  sprinkling  with  water,  or  the  use  of  hygroscopic  salts. 

Bituminous  Material.— Either  refined  tar,  cut-back  asphalt,  or  as- 
phaltic  oil  may  be  used  for  surface  treatment.  If  the  surface  to  be 
treated  is  a  gravel,  broken  stone,  slag,  or  other  porous  and  non-bitu- 
minous crust,  practice  has  proven  that  bituminous  material  of  such 
consistency  that  it  can  be  applied  at  a  temperature  below  52°  cent. 
(125°  Fahr.)  is  preferable  to  heavier  material,  and  that  on  any  crust 
the  application  of  a  quantity  in  excess  of  J  gal.  per  sq.  yd.  is  inad- 
visable. It  is  advisable  to  apply  the  material  in  quantities  not  exceed- 
ing I  gal.  per  sq.  yd.  at  a  time.  Heavier  material  in  less  quantity, 
however,  should  be  used  on  bituminous  roadways;  otherwise  there  will 
be  a  tendency  toward  an  objectionable  softening  of  the  material  pre- 
viously used  in  the  construction  of  the  roadway. 

Construction. — The  surface  to  which  a  bituminous  treatment  is  to 
be  applied  should  be  dry,  compact,  and  free  from  depressions  and  dust. 
On  a  broken  stone  road,  the  application  should  be  made  on  the  ex- 
posed stone  surface  of  the  upper  course,  such,  exposed  surface  being 
obtained  by  thoroughly  removing  with  brooms  or  sweepers  the  binding 
material  or  dust  that  may  have  been  applied  or  accumulated  thereon. 
The  bituminous  material,  in  all  cases,  should  be  applied  by  a  pressure 
distributor  designed  so  that  the  material  will  be  spread  uniformly  and 
with  a  pressure  of  not  less  than  20  or  more  than  75  lb.  per  sq.  in. 

The  application,  in  all  cases,  should  be  carried  over  the  outside  edges 
of  the  rolled  metal  and  on  the  shoulder  far  enough  to  protect  the  edges 
of  the  metaled  surface.  The  material  should  be  applied  only  after  the 
surface  has  been  thoroughly  compacted  by  traffic  or  otherwise. 

After  the  bitiiminous  material  is  applied  it  should  be  covered  with 
the  toughest  grit  obtainable,  preferably  of  a  size  that  will  pass  through 
a  screen  having  openings  of  not  less  than  |  in.  nor  greater  than  |  in., 
just  enough  of  such  material  being  used  to  cover  the  bituminous  ma- 
terial. It  is  advantageous,  but  not  entirely  necessary,  to  roll  with  a 
steam  roller  after  the  application  of  the  grit. 

Brick  Pavements.! 
Cushion  Course. — In  the  case  of  brick  pavements,  the  brick  being 
of  uniform  size,  sufficient  resiliency  will  be  secured  by  the  use  of  a 

*  For  discussion  of  rates  of  grade,  crown,  artificial  foundation,  etc.,  see  "General 
Conclusions." 

t  For  discussion  of  rates  of  grade,  crown,  artificial  foundation,  joints,  etc.,  see 
"General  Conclusions." 
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sand  cushion  1  in.,  or  even  slightly  less,  in  depth,  provided  the 
depth  is  uniform  and  the  surface  of  the  concrete  foundation  is  truly 
parallel  with  the  finished  pavement;  and  if  the  variation  in  the  depth 
of  the  hrick  does  not  exceed  ^-  in.,  the  thickness  of  the  sand  cushion 
can  safely  be  reduced  to  |  in.  In  many  brick  pavements  recently  laid 
the  cushion  course  has  been  dispensed  with  entirely,  the  brick  having 
been  bedded  in  cement  mortar  spread  over  the  concrete  foundation. 
This  results  in  a  monolithic  structure  less  capable  of  absorbing  shock 
than  is  the  case  where  a  sand  or  bituminous  cushion  is  introduced 
between  the  wearing  surface  and  the  foundation.  A  cushion  course 
composed  of  sand  or  stone  chips  and  a  bituminous  cement  about  ^  in. 
in  thickness  may  be  substituted  for  sand  or  cement  mortar,  provided 
the  surface  of  the  concrete  foundation  is  made  sufficiently  smooth  and 
regular  in  contour. 

Materials. — The  quality  of  the  brick  should  be  determined  by 
physical  tests.  The  method  of  making  the  rattler  test  adopted  by  the 
American  Society  for  Testing  Materials  is  approved  by  the  Committee. 
This  test  will  indicate  the  toughness  and  resistance  to  wear  from  shock 
and  abrasion.  Uniformity  in  the  rate  of  wear  is  so  important  that  it 
properly  may  be  a  controlling  consideration,  even  at  the  expense  of  a 
moderate  increase  in  the  rate  of  wear.  In  size  and  shape  it  is  desirable 
to  conform  to  accepted  standards  in  order  that  repairs  and  renewals 
may  more  readily  be  made.  Uniformity  in  size  is  especially  important, 
and  variations  in  depth  should  be  kept  within  the  narrowest  limits. 

Construction. — The  bricks  should  be  laid  in  straight  courses  at 
right  angles  to  the  axis  of  the  roadway,  although  at  intersections  they 
may  advantageously  be  laid  in  diagonal  courses  arranged  so  that  traffic 
turning  any  of  the  corners  will  move  across  the  bricks  and  not  along 
the  continuous  joints.  They  should  be  laid  so  that  the  joints  will  be 
uniform  in  width  and  of  sufficient  width  only  to  permit  a  .filler  to 
reach  the  bottom  of  the  joints.  Lug  bricks  have  the  advantage  of  in- 
suring such  uniform  width  with  ordinary  care  in  laying.  If  a  sand 
cushion  is  used,  great  care  should  be  taken  to  avoid  any  disturbance 
of  the  surface  of  the  cushion  after  it  has  been  brought  to  true  grade 
by  using  a  template.  If  bedded  in  a  mortar  or  bituminous  cushion, 
the  brick  should  be  bedded  so  that  the  surface  will  be  as  true  as  pos- 
sible. In  all  cases  the  brick  after  being  laid  should  be  brought  to  a 
true  and  even  surface  by  the  use  of  a  roller. 

Broken  Stone  Eoads.* 

Materials. — All  broken  stone  should  be  clean,  rough-surfaced,  angu- 
lar, of  compact  texture,  and  of  uniform  grain.  It  should  preferably 
be  of  such  quality  that,  using  standard  laboratory  tests,  it  will  show  a 

*  For  discussion  of  rates  of  grade,  crown,  artificial  foundation,  etc.,  see  "General 

Conclusions." 
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percentage  of  wear  not  greater  than  5  (French  coefficient  of  wear  not 
less  than  8),  and  a  toughness  of  not  less  than  6. 

The  broken  stone  should  be  separated  into  component  sizes  by 
passing  the  product  of  the  crusher  over  rotary  screens  having  circular 
openings,  the  different  sizes  of  stone  being  collected  in  separate  bins. 
The  separation  of  sizes  is  governed  somewhat  by  the  thickness  at  which 
the  crust  is  to  be  laid.  If  a  6-in.  surface  is  to  be  laid,  the  maximum 
size  should  not  exceed  that  of  stone  passing  a  3-in.  screen,  whereas,  if 
the  pavement  is  to  be  7  in.  or  more  in  thickness,  a  SJ-in.  screen  is  per- 
missible. In  all  cases  the  stone  should  be  spread  and  rolled  in  two  or 
more  courses,  the  largest  size  generally  being  used"  in  the  lower  course 
and  the  smaller  sizes  in  the  upper  course  or  courses,  each  course  being 
spread  in  such  manner  that  there  will  he  uniformity  in  its  density. 
Such  uniformity  is  accomplished  by  spreading  from  piles  dumped  on 
boards  or  alongside  the  road,  or  by  automatic  spreading  wagons. 

The  product  passing  through  a  §  to  |-in.  screen  should  be  used  as 
a  binder,  and  on  two-course  work  should  be  applied  on  the  top  course 
only,  whereas,  on  the  three-course  work,  the  second  course  should  be 
lightly  covered  with  this  material. 

Products  of  broken  stone  obtained  from  portable  and  stationary 
stone-crushing  and  screening  plants,  though  complying  with  a  given 
speciiication  of  the  type  now  ordinarily  used,  vary  to  a  considerable 
extent,  due  to  variations  in  the  plant  and  its  operation,  such  as  kind 
of  rock,  type  and  method  of  operation  of  crushing  plants,  methods  of 
separation  of  products,  differences  in  lengths  and  diameters  of  sections 
of  rotary  and  shaker  screens,  and  differences  in  inclination  and  rate 
of  operation  of  screens. 

The  necessity  for  more  carefully  drawn  specifications  covering  the 
sizes  of  the  particles  of  which  a  given  product  of  a  stone-crushing  and 
screening  plant  is  composed,  is  illustrated  by  Table  3,  mechanical  analy- 
ses of  two  products  obtained  from  the  same  plant,  both  of  which 
products  passed  over  a  section  of  a  rotary  screen  having  circular  holes  1^ 
in.,  and  through  a  section  of  a  rotary  screen  having  circular  holes  2^ 
in.  in  diameter.  ^^^^^^  3_ 
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It  is  obvious  that,  for  many  forms  of  constructiou,  in  order  to 
secure  successful  results,  greater  care  must  be  used  in  the  writing  of 
specifications  for  products  of  broken  stone.  The  Committee  recom- 
mends the  general  use,  as  soon  as  practicable,  of  the  "Standard  Form 
of  Specifications  for  Certain  Commercial  Grades  of  Broken  Stone", 
as  recommended  by  Committee  D-4,  of  the  American  Society  for  Test- 
ing Materials,  in  its  1916  Report: 

The  broken  stone  shall  consist  of  one  product  of  the  operation  of 
a  stone-crushing  and  screening  plant,  witliout  re-combining  or  mixing, 
and  shall  conform  to  the  following  mechanical  analysis,  using  labora- 
tory screens : 

Passing in.  screen  (having  smallest  holes  selected)  from 

to per  cent. 

Passing in.  screen  (having  next  to  largest  holes  selected) 

from to per  cent. 

Passing   in.  screen  (having  largest  holes  selected)  from 

to per  cent. 

In  this  form  of  specification  an  attempt  is  made  to  cover  in  the 
mechanical  analysis  only  the  limits  of  the  smallest  and  largest  particles. 
No  attempt  is  made  to  secure  a  carefully  graded  aggregate,  but  simply 
a  product  suitable  for  the  type  of  road  or  pavement  in  question. 

An  engineer  should  base  the  selection-  of  screens,  to  be  used  in  the 
specification  for  a  given  product  of  broken  stone,  on  the  results  of 
mechanical  analyses  of  many  similar  products  obtained  from  portable 
and  stationary  crushing  and  screening  plants  which  supply  the  locality 
in  which  the  specification  is  to  be  used. 

Construction. — Each  course  of  a  broken  stone  road  should  be  thor- 
oughly rolled  with  a  roller  weighing  from  10  to  15  tons,  the  rolling 
being  done  first  along  the  sides  and  gradually  approaching  the  center, 
and  being  continued  until  there  is  no  movement  of  the  stone  ahead  of 
the  wheels  of  the  roller. 

The  binder  should  be  used  on  the  top  course  in  such  quantity  that, 
after  alternate  spreading  of  binder  and  watering,  with  continuous 
rolling,  the  voids  become  so  filled  as  to  result  in  a  wave  of  grout  being 
pushed  along  the  surface  by  the  front  wheel  of  the  roller. 

After  the  completion  and  binding  of  the  top  course,  a  thin  layer 
of  screenings  or  stone  dust  should  be  applied  to  the  surface  in  suffi- 
cient quantity  to  cover  it  evenly. 

Cement-Concrete  Pavements.* 
General. — A  thickness  of  from  5  to  8  in.,  as  stated  in  the  general 
principles,  may  ordinarily  be  considered  sufficient  for  a  concrete  slab, 
and,  if  it  seems  advisable,  from  motives  of  economy,  the  thickness  may 

*  For  discussion  of  rates  of  grade,  crown,  artificial  foundation,  joints,  etc.,  see 
"General  Conclusions." 
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be  diminished  from  the  center  of  the  slab  to  the  edges.  Special  condi- 
tions may  call  for  variations,  even  outside  of  the  limits  given.  The 
character  and  the  drainage  of  the  sub-grade,  its  probable  stability  as 
a  foundation,  as  well  as  the  nature  and  amount  of  traffic,  are  some  of 
the  factors  which  enter  into  the  rational  determination  of  the  thickness 
of  the  slab. 

Materials. — The  cement  should  be  tested  by  the  methods  recom- 
mended by  the  Special  Committee  on  Uniform  Tests  for  Cement^  of 
the  American  Society  of  Civil  Engineers,  and  should  meet  the  require- 
ments adopted  by  the  American  Society  for  Testing  Materials,  as 
printed  in  the  1916  Year  Book  of  that  Society. 

The  Committee  wishes  to  emphasize  the  importance  of  the  aggre- 
gate in  making  up  the  concrete  structure.  Fine  aggregate  may  be  con- 
sidered as  gravel,  sand,  or  screenings  from  hard,  durable  rock,  graded 
so  that,  when  dry,  it  will  pass  a  screen  having  i-in.  circular  openings. 
The  best  fine  aggregate  is  in  general  that  which  is  graded  fairly  uni- 
formly from  the  ^-in.  size  mentioned  above,  downward,  but  not  more 
than  5%  should  be  of  such  fineness  that  it  will  pass  a  sieve  having  100 
meshes  per  lin.  in.  A  preponderance  of  the  coarser  particles  rather 
than  the  finer  is  desirable,  and,  in  any  case,  less  than  3%  of  the 
material  should  pass  the  200-mesh  sieve.  Standard  briquettes,  made  of 
samples  of  fine  aggregate  and  tested  at  the  usual  periods  of  7  and  28 
days,  should  show  a  strength  at  least  equal  to  similar  briquettes  made 
of  the  same  cement  and  three  parts  of  standard  Ottawa  sand.  Coarse 
aggregate,  in  general,  should  not  be  larger  than  will  pass  a  screen  with 
2-in,  circular  openings,  ranging  down  fairly  uniformly  from  this  size 
to  that  retained  on  a  ^-in.  screen.  The  loss  of  such  material,  as  deter- 
mined by  the  abrasion  test,  should  not  be  more  than  5  per  cent. 

A  denser  and  more  uniform  concrete  may  be  made  by  screening 
the  material,  both  fine  and  coarse  aggregates,  into  different  sizes  and 
re-combining  these  different  sizes  in  such  a  way  as  will  give  the  densest 
mixture,  that  is,  the  smallest  percentage  of  voids,  when  dry.  Although 
this  adds  somewhat  to  the  expense,  the  resulting  composition  will  gen- 
erally be  found  enough  better  to  make  up  for  the  additional  expendi- 
ture. Furthermore,  in  proportioning  the  ingredients  of  the  concrete, 
a  mixture  based  on  mechanical  analyses  is  in  general  to  be  preferred 
to  the  arbitrary  rule  of  a  1:2:4  or  1:3:5  mix.  The  slight  increase 
in  time  and  expense  which  is  incurred  by  determining  the  voids  and 
combining  the  various  sizes  to  get  the  greatest  density  is  more  than 
repaid  by  the  strength  and  density  of  the  resulting  mixture.  Similar 
care  in  the  determination  of  the  proper  quantity  of  water  is  also  to 
be  desired  in  order  that  the  concrete  may  have  a  uniform  consistency 
as  it  is  deposited  in  place.  Though  the  mixture  should  be  rather  wet, 
especially  if  it  is  deposited  without  tamping,  it  should  still  be  stiff 

*  Transactions,  Am.  Soc.  C.  E.,  Vol.  LXXV,  1912,  p.  665. 
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enough  to  hold  its  shape  when  struck  off  by  the  template,  and  yet  not 
result  in  segregation  of  the  different  sizes  throughout  the  mass.  Water 
used  in  mixing  should  be  clean  and  free  from  oil,  alkali,  or  vegetable 
matter. 

Construction. — Forms  used  in  cement-concrete  pavements  should 
be  as  carefully  considered  as  those  for  any  other  class  of  structural 
work  in  concrete.  It  is  important  they  be  true,  and  free  from  warp, 
and  of  sufficient  strength  to  hold  the  wet  concrete  without  springing 
out  of  shape.  Particular  care  should  be  taken  to  keep  the  forms  tight, 
so  that  leakage  through  the  sides,  which  might  allow  the  cement  or 
mortar  to  be  carried  out  of  the  coarse  aggregate  along  the  edges  of 
the  roadway,  may  be  effectively  prevented.  The  concrete  should  be 
deposited  rapidly  on  the  sub-grade  to  the  required  depth  and  to  the 
entire  width  of  the  pavement.  It  is  better  to  have  the  surface  of  the 
rolled  and  finished  sub-grade  thoroughly  dampened  before  beginning 
to  deposit  the  concrete.  Rolling  or  ramming  the  freshly  placed  con- 
crete is  desirable  wherever  practicable,  as  it  not  only  increases  the 
density  of  the  resulting  mass,  but  also  tends  to  place  the  particles  of 
the  coarse  aggregate  on  the  surface,  so  that  they  interlock  with  each 
other  and  present  a  flat  side  to  the  wear  of  traffic. 

Clean  vertical  joints,  straight  across  the  roadway,  through  the 
entire  mass  of  concrete  in  place,  should  be  insisted  on  when  the  work 
stops  for  a  day,  or  if  there  is  a  stoppage  of  more  than  30  min.  in  the 
work  during  the  day.  Special  precautions  should  be  taken  to  prevent 
freezing  when  work  is  carried  on  during  cold  weather,  and  it  should 
be  borne  in  mind  that  concrete  sets  much  more  slowly  in  cold  weather 
than  in  warm  weather.  If,  in  the  course  of  the  work,  the  temperature 
reaches,  say,  40°  Fahr.,  and  is  falling,  the  operation  of  mixing  and 
laying  concrete  should  be  suspended,  and  the  newly  laid  surface  suit- 
ably protected  from  frost. 

In  finishing  the  surface  of  the  concrete,  a  template  or  a  striking 
board  should  be  used,  which  gives  the  true  form  of  the  finished  pave- 
ment for  its  entire  width.  For  the  final  surface  finish,  the  use  of  the 
wooden  fioat,  operated  from  a  suitable  bridge  which  spans  the  entire 
pavement,  is  desirable,  although  satisfactory  results  may  be  obtained 
by  the  use  of  a  properly  operated  belt  about  10  in.  wide.  Care  should 
be  taken  that  the  final  surface  of  the  pavement  is  true,  both  trans- 
versely and  longitudinally,  that  is,  with  regard  to  both  cross-section 
and  grade.  In  all  cases  the  surface  of  the  finished  pavement  should 
be  kept  wet  and  protected  from  the  sun  for  several  days. 

Earth  and  Sand-Clay  Eoads.* 
Materials  for  Earth  Roads. — The  earth  road  should  be  constructed 
of  the  natural  soil,  from  which,  for  a  depth  of  10  in.  at  the  center  to 

*  For  discussion  of  rates  of  grade,  crown,  artificial  foundation,  etc.,  see  "General 
Conclusions." 
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5  in.  at  the  sides  of  the  roadway,  all  stones  more  than  3  in.  in  diameter 
and  all  sods,  roots,  and  similar  materials  should  be  removed. 

Construction  of  Earth  Roads. — The  soil  should  be  mixed  with 
plows,  disk  and  spike-tooth  harrows,  or  by  other  satisfactory  means, 
until  all  the  surfacing  material  is  of  uniform  texture.  When  the  earth 
roadway  is  completed  its  thickness  should  be  not  less  than  10  in. 
at  the  center  and  5  in.  at  the  sides.  The  roadway  should  be  shaped 
by  the  use  of  a  road  grader,  and  should  be  finished  so  as  to  conform 
to  the  desired  cross-section,  the  crown  of  which  should  usually  be 
about  1  in.  to  the  ft.  If  any  depressions  appear  during  the  grading 
of  the  roadway,  they  should  be  carefully  filled  with  soil  and  the 
roadway  reshaped.  In  order  to  secure  satisfactory  results,  several 
months  should  elapse  after  the  road  is  graded  before  it  is  considered 
complete;  and  such  settlements  and  irregularities  as  develop  should 
be  corrected  by  the  use  of  a  grading  machine  or  road  drag. 

Materials  for  Sand-Clay  Roads. — Top-soil  or  mixtures  of  sand  and 
clay  should  comply  with  the  following  requirements :  The  sand  content 
should  be  at  least  from  70  to  80% ;  the  sand  used  in  sand-clay  mixtures 
should  preferably  be  composed  of  hard  angular  particles  at  least  30% 
of  which  should  be  retained  on  a  50-mesh  sieve ;  the  clay  content  should 
vary  from  10  to  20%  and  under  no  circumstances  should  be  allowed 
to  exceed  30%;  the  clay,  when  placed  on  the  roadway,  should  not 
contain  lumps  larger  than  3  in.  in  diameter. 

Construction  of  Natural  Sand-Clay  Roads. — The  top-soil  should 
be  spread  on  a  flat  sub-grade  to  a  depth  of  10  or  12  in.  at  the  center 
and  5  or  6  in.  at  the  sides.  After  the  surfacing  material  has  been 
laid,  the  ditches  should  be  constructed,  and  the  material  obtained 
therefrom  should  be  used  in  constructing  shoulders.  It  is  advisable 
to  plow  and  then  harrow  the  surfacing  material,  as  a  more  homogeneous 
layer  is  secured  thereby.  The  surfacing  material  should  not  be  com- 
pacted with  an  ordinary  roller  but  with  a  sheep-foot  roller,  or  the 
compaction  should  be  obtained  with  the  hoofs  of  animals  and  the 
wheels  of  vehicles  going  over  the  roadway.  For  successful  results, 
thorough  puddling  is  necessary,  and  this  can  practically  only  be 
secured  through  the  medium  of  rains  during  the  period  of  compaction. 
During  compaction  and  after  each  rain  the  surface  of  the  roadway 
should  be  immediately  reshaped  and  crowned.  When  completed,  the 
compacted  roadway  should  have  a  depth  of  from  7  to  8  in.  in  the 
center  and  34  to  4  in.  at  the  edges,  and  have  a  crown  of  about  *  in. 
per  foot. 

Construction  of  Sand-Clay  Roads  on  Clay  Suh-Soil. — Although 
there  are  several  methods  of  construction,  the  following  is  advocated, 
as  uniformly  satisfactory  results  are  secured  by  its  use.  The  roadbed 
should  be  graded  practically  level,  and  the  portions  to  be  constructed 
of  sand-clay  should  be  excavated  to  a  sufficient  depth  so  that  the  earth 
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removed  and  placed  on  the  shoulder  of  the  road  will  give  the  right 
slope  to  the  ditches.  The  depth  of  excavation  should  be  from  1^  to 
S  in.,  depending  on  the  width  of  the  road  between  ditches.  The  clay 
soil  should  then  be  plowed  to  a  depth  of  2  or  3  in.,  after  which  about 
4  in.  of  sand  should  be  spread  evenly  over  the  surface  and  thoroughly 
worked  in  with  a  disk  harrow.  Then  4  in.  more  of  sand  should  be 
added  and  harrowed.  During  a  rain,  the  sand-clay  mixture  should  be 
thoroughly  harrowed,  and  after  the  rain  the  roadway  should  be  dragged 
into  shape. 

Construction  of  Sand-Clay  Roads  on  Sand  Sub-soil. — On  a  prac- 
tically flat  roadbed,  a  layer  of  clay  from  2  to  4  in.  in  thickness  should 
be  spread  evenly  over  the  roadway.  A  layer  of  clean  sand  should 
then  be  spread  over  the  clay,  and  the  roadway  thoroughly  harrowed. 
The  roadway  should  be  shaped  up  with  a  drag,  and  during  a  rain  it 
should  be  again  harrowed.  The  roadway  should  be  finally  shaped 
with  the  use  of  a  grading  machine  or  drag. 

■  Gravel  Eoads.* 

Descnption. — The  subject  of  gravel  roads  embraces  a  great  variety 
of  styles  of  construction,  from  the  simple  expedient  of  surfacing  the 
existing  roadway  with  run-of-the-bank  gravel  from  near-by  pits  to  the 
construction  of  an  improved  highway  with  all  the  necessary  drainage 
structures  and  improvements  of  grade  attending  a  broken  stone  roadway. 

Materials  and  Construction. — The  method  of  treating  the  gravel 
itself  may  vary  from  the  application  as  it  is  found  in  the  pit  to  the 
separation  into  sizes,  and  even  to  passing  the  gravel  through  the 
crusher  before  screening.  In  general,  we  may  separate  gravel  road- 
ways into  two  classes: 

First,  those  in  which  the  gravel  is  screened  and  applied  in  the 
same  manner  as  with  a  broken  stone  roadway.  This  may  be  with  or 
without  crushing  the  gravel. 

Second,  those  in  which  the  gravel  is  applied  to  the  roadway  in  its 
natural  state  as  found  in  the  pit,  with  or  without  the  addition  of  other 
material,  or  the  natural  material  may  be  passed  through  the  crusher 
before  application  to  the  roadway. 

In  the  first  case,  with  rounded  gravel,  the  tendency  toward  dis- 
lodgment  under  trajffic  is  greater  than  with  angular  broken  stone,  and 
hence,  in  order  to  reduce  this  tendency,  the  size  of  the  pieces  in  the 
courses  of  the  roadway  must  be  somewhat  smaller  with  gravel  than  in 
the  case  of  broken  stone. 

In  the  second  case,  the  selection  of  the  material  will  be  governed 
by  the  gravel  available  in  the  locality  where  the  roadway  is  to  be 
constructed.    Every  endeavor  should  be  made  to  select  a  material  that 

*  For  discussion  of  rates  of  grade,  crown,  artificial  foundation,  etc.,  see  "General 
Conclusions." 
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will  show,  by  test,  its  fitness  as  regards  hardness,  toughness,  and  cement- 
ing power.  The  gravel  should  show,  on  mechanical  analysis,  a  grading 
of  material  which  will  contain  sufficient  stone  of  the  larger  size  to 
insure  stability  and  wearing  qualities  under  traffic,  and  which  will 
contain  sufficient  finer  material  to  insure  a  proper  bond.  The  best 
material  will  be  composed  of  gravel  graded  so  that  it  will  have  a  maxi- 
mum density. 

Though  the  most  available  material  will  have  a  wide  range  as  to 
sizes,  the  Committee  believes  that  the  following  specification  for  sizes, 
adopted  by  the  American  Society  of  Municipal  Improvements  in  1916, 
may  be  followed  safely : 

"Two  mixtures  of  gravel,  sand,  and  clay  shall  be  used,  hereinafter 
designated  in  these  specifications  as  No.  1  product  (for  top  course)  and 
No.  2  product  (for  middle  and  bottom  courses). 

''No.  1  product  shall  consist  of  a  mixture  of  gravel,  sand,  and  clay, 
with  the  proportions  of  the  various  sizes  as  follows :  All  to  pass  a 
l^--in.  screen  and  to  have  at  least  60  and  not  more  than  75  per  cent, 
retained  on  a  ^-in.  screen;  at  least  25  and  not  more  than  75  per  cent, 
of  the  total  coarse  aggregate  (material  over  I  in.  in  size)  to  be  retained 
on  a  |-in.  screen;  at  least  65  and  not  more  than  85  per  cent,  of  the  total 
fine  aggregate  (material  under  ^  in.  in  size)  to  be  retained  on  a 
200-mesh  sieve. 

"No.  2  product  shall  consist  of  a  mixture  of  gravel,  sand,  and  clay, 
with  the  proportions  of  the  various  sizes  as  follows :  All  to  pass  a 
2i-in.  screen  and  to  have  at  least  60  and  not  more  than  75  per  cent, 
retained  on  a  :J-in.  screen;  at  least  25  and  not  more  than  75  per  cent, 
of  the  total  coarse  aggregate  to  be  retained  on  a  1-in.  screen;  at  least 
65  and  not  more  than  85  per  cent,  of  the  total  fine  aggregate  to  be 
retained  on  a  200-mesh  sieve." 

With  gravel  such  a  quartz,  the  cementation  of  which  is  low,  a 
highly  cementitious  void  filler  is  desirable,  and  a  moderate  quantity 
of  clay  or  loam  may  be  permissible. 

A  more  generous  use  of  gravel,  especially  in  the  surfacing  of  earth 
roads,  should  be  encouraged.  The  low  first  cost  and  ease  of  mainte- 
nance should  help  materially  to  increase  the  mileage  of  serviceable 
roads  in  the  country  districts. 

In  drafting  specifications,  the  refinements  to  be  used  in  the  methods 
of  construction  will  depend  on  the  kind  and  amount  of  traffic  to  be 
sustained,  the  character  and  quality  of  gravel  to  be  secured  in  that 
particular  locality,  and  other  local  conditions.  Generally,  however,  the 
refinements  should  be  carried  to  the  point  where  further  refinement 
would  not  be  economical. 

Sheet-Asphalt  Pavements.* 
General. — A  sheet-asphalt  wearing  course,   consisting  of  predeter- 
mined  graded   sand,   filler,   and  asphalt   cement,   should  be  laid   to   a 

•  For  discussion  of  rates  of  grade,  crown,  artificial  foundation,  etc.,  see  "General 
Conclusions." 
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compacted  thickness  of  not  less  than  1^  in.  and  not  more  than  2  in^ 
on  a  binder  course  of  bituminous  concrete  consisting  of  broken  stone  or 
broken  stone  and  sand  mixed  with  asphalt  cement,  the  binder  course 
having  a  compacted  thickness  of  not  less  than  1  in.  nor  more  than  1^  in. 

Materials. — For  heavy  or  medium  traffic,  the  so-called  close  binder 
should  be  used,  instead  of  the  open  binder,  as  the  former  possesses 
greater  inherent  stability  than  the  latter.  Specifications  for  the  grad- 
ing of  open  binder  should  be  similar  to  those  for  the  aggregate  for 
Bituminous  Concrete  Pavements,  Class  A ;  and,  for  a  close  binder, 
similar  to  the  following: 

Ninety-five  per  cent,  of  the  binder  aggregate  shall  pass  a  screen 
having  circular  openings  the  diameter  of  which  shall  be  of  three- 
quarters  the  thickness  of  the  binder  course  to  be  laid.  The  remaining 
5%  shall  not  exceed  in  their  smallest  dimension  the  thickness  of  the 
binder  course  to  be  laid.  The  binder  aggregate  shall  be  graded  from 
coarse  to  fine,  so  as  to  have  the  following  mesh  composition : 

Passing  10-mesh  sieve 15  to  35%       Total  passing 

Passing  J-in.  screen  and  retained  i-in.  screen, 

on  10-mesh  sieve 20  to  50%         35  to  85%. 

The  sand  for  the  wearing  course  shall  be  carefully  graded.  For 
pavements  to  be  subjected  to  medium  or  heavy  traffic,  there  should  be 
a  preponderance  of  the  finer  particles;  and  for  pavements  to  be  sub- 
jected to  light  traffic,  there  may  be  a  preponderance  of  the  coarser 
particles.  Specifications  for  a  sand  for  wearing  courses  to  be  sub- 
jected to  medium  or  heavy  traffic  should  be  similar  to  the  following: 
The  sand  shall  be  hard,  clean,  and  moderately  sharp.  On  sifting  it 
shall  have  the  following  mesh  composition ; 

Passing  200-mesh  0  to    5%         TTotal  passing 

"       100-mesh  and  retained  on  200-mesh  10  "  25%   )     |     80-mesh  and 

SO      "       "  "         "    100     "        6  "  20%    i   ^     retained  on 

50      "       "  "         "      80     "        5  "  40%  200-mesh,  20 

40      "       "  "         "      50     "        5  "  30%         I    to  40%. 

r Total  passing 

"         30      "       "  "         "      40     "        5  "  25%   )     I     10-mesh  and 

"         20      "       "  "         "      30     "        5  "  15%    [  ^     retained  on 

10      "       "  "         "      20     "        2  "  15%   )         40-mesh,   12 

L   to  45%. 

The  filler  should  be  thoroughly  dry  limestone  dust,  or  dust  from 
other  equally  satisfactory  stone,  or  Portland  cement,  the  whole  of 
which  should  pass  a  30-mesh  sieve  and  at  least  66%  of  which  should 
pass  a  200-mesh  sieve.  The  surface  mixture  should  contain  from  6  to 
20%  of  this  filler,  depending  on  the  kind  of  sand  and  asphalt  used  and 
the  traffic  conditions  on  the  street  or  streets  to  be  paved. 
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The  specifications  should  contain  detailed  requirements  covering 
the  physical  properties  of  the  asphalt  cement,  and  should  prescribe  the 
bitumen  content  of  the  binder  course  and  sheet-asphalt  wearing  course 
mixture.  For  the  grading  mentioned,  the  bitumen  should  be,  for  the 
close  binder,  from  4  to  7% ;  and  for  the  sheet-asphalt  wearing  course 
mixture,  from  9.5  to  13.5  per  cent. 

Construction. — The  broken  stone  for  the  binder  should  be  heated 
to  a  temperature  between  107°  cent.  (225°  Fahr.)  and  177°  cent.  (350° 
Fahr.).  The  sand  when  mixed  with  the  asphalt  cement  should  have  a 
temperature  between  135°  cent.  (275°  Fahr.)  and  190°  cent.  (375° 
Fahr.).  The  asphalt  cement  when  used  should  have  a  temperature 
between  121°  cent.  (250°  Fahr.)  and  177°  cent.  (350°  Fahr.).     . 

The  asphalt  cement  and  broken  stone,  or  broken  stone  and  sand,  for 
the  binder  course,  and  the  asphalt  cement,  sand,  and  filler  for  the  wear- 
ing course,  should  be  thoroughly  mixed  by  machinery  until  a  uniform 
mixture  is  produced  in  which  all  the  particles  are  thoroughly  coated 
with  asphalt  cement. 

When  brought  to  the  work,  the  temperature  of  the  binder  mixture 
should  be  between  93°  cent.  (200°  Fahr.)  and  163°  cent.  (325°  Fahr.), 
and  of  the  wearing  course  mixture  between  110°  cent.  (230°  Fahr.) 
and  177°  cent.  (350°  Fahr.).  The  binder  course  and  the  wearing 
surface  should  be  compacted  separately  by  rolling  with  a  self-propelled 
roller  weighing  not  less  than  200  lb.  per  inch  of  width  of  tread,  the 
rolling  being  carried  on  continuously  at  the  rate  of  not  more  than 
200  sq.  yd.  per  hour  per  roller  until  a  satisfactory  compression  is  ob- 
tained. Excessive  use  of  water  on  the  steam  roller  while  compacting 
the  courses  of  the  pavement  should  not  be  permitted.  During  the  roll- 
ing of  the  wearing  course,  a  small  quantity  of  Portland  cement  should 
be  swept  over  its  surface.  In  cases  where  sheet-asphalt  is  constructed 
next  to  the  curb,  it  is  advisable  to  coat  the  surface  for  a  space  of  12  in. 
next  to  the  curb  with  hot  asphalt  cement. 

Stone  Block  Pavements.* 

Materials. — The  stone  pavements  of  this  country  are  generally  of 
granite  or  sandstone,  the  particular  kind  being  determined  by  the 
availability  of  the  different  materials.  Limestone  is  used  to  a  certain 
extent  in  one  or  two  cities,  but  so  slightly  that  it  need  not  be  considered. 

In  order  to  make  a  good  paving  block,  stone  should  be  resistant  to 
wear,  hard  and  tough,  and  of  such  a  character  as  to  be  easily  broken 
into  regular  shapes.  Toughness  is  more  important  than  hardness,  as 
in  very  few  cases  will  the  blocks  of  a  stone  pavement,  of  a  character 
such  as  is  generally  used,  be  much  reduced  under  actual  traffic.  The 
quantity  of  wear  is  not  as  important  as  that  the  wear  shall  be  uniform, 
so  that  the  surface  of  the  pavement  may  be  kept  smooth  and  even. 

*  For  discussion  of  rates  of  grade,  crown,  artificial  foundation,  joints,  etc..  see 
"General  Conclusions." 
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The  character  of  sandstone  is  such  that,  though  it  does  wear  smooth, 
it  is  never  slippery;  but  with  granite,  if  the  stone  is  too  hard,  even 
when  no  particular  wear  is  noticed  under  traffic,  the  surface  soon  be- 
comes smooth  and  slipjjery,  and  the  harder  the  stone,  the  more  slippery 
it  becomes. 

To  make  suitable  paving  blocks,  granite  should  be  a  medium  and 
imiform-grained  stone,  of  such  a  character  that  when  broken  it  will 
present  smooth  and  even  surfaces,  and  have  a  percentage  of  wear  of 
not  more  than  4.5  and  toughness  of  not  less  than  8.  It  should  have  a 
crushing  strength  of  not  less  than  20  000  lb.  per  sq.  in. 

Sandstone  should  be  hard  and  tough,  and  of  a  character  to  meet 
the  requirements  given  for  granite,  except  as  to  crushing  strength, 
which  should  be  not  less  than  16  000  lb.  per  sq.  in. 

As  the  stone  must  be  made  into  comparatively  small  blocks,  and  as 
this  is  done  by  expensive  labor,  the  size  of  the  blocks  is  extremely  im- 
portant. Probably  the  ideal  sized  block  would  be  8  in.  long,  3J  in. 
wide,  and,  under  general  conditions,  5  in.  deep,  but  if  blocks  were 
made  to  conform  exactly  to  these  dimensions,  they  would  be  extremely 
expensive,  so  that  it  is  considered  good  practice  to  allow  variations  in 
length  from  8  to  12  in.,  in  width  from  3J  to  4^  in.,  and  in  depth  from 
4f  to  5J  in.,  and  on  light-traffic  streets,  where  certain  conditions  make 
a  stone  pavement  desirable,  an  even  less  depth  may  be  permitted. 
When  sandstone  is  used,  the  blocks  may  be  a  little  wider,  as  far  as  use 
is  concerned.  All  blocks,  however,  should  be  sorted,  so  that  the  ad- 
jacent courses  can  be  kept  as  nearly  uniform  in  width  as  possible. 
Under  no  circumstances,  however,  should  blocks  of  different  widths 
be  used  in  the  same  course.  The  blocks  should  be  dressed  so  that  they 
will  lie  with  close  joints,  and  have  good,  smooth,  and  even  heads. 

Another  form  of  stone  block  pavement,  used  to  some  extent  in 
Europe,  and  which  has  recently  been  introduced  into  this  country,  is 
known  as  "Durax"  in  England  and  as  ''Kleinpflaster"  in  Germany. 
It  consists  of  blocks  approximating  cubes  2J  to  4  in.  in  size,  although 
they  should  not  be  exactly  cubical ;  they  should  be  sufficiently  irregular, 
both  in  size  and  shape,  to  permit  them  to  be  laid  in  arcs  of  circles  of 
comparatively  small  radii  and  so  that  the  joints  will  not  be  excessively 
large.  By  laying  the  courses  in  circular  arcs,  none  of  the  joints  is 
parallel  to  any  line  of  traffic. 

In  Europe  these  blocks  are  used  to  a  great  extent  in  resurfacing 
the  broken  stone  roads  where  the  traffic  is  too  heavy  for  macadam,  and 
to  some  extent  in  city  streets.  If  the  blocks  can  be  produced  in  this 
country  at  a  reasonable  price,  they  will  make  very  satisfactory  roads. 
They  have  been  used  to  a  slight  extent  in  pavements  in  some  Southern 
cities. 

During  the  last  few  years  many  pavements  have  been  laid  with 
granite  blocks  made  by  splitting  up  old  ones  which  had  been  in  use 
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for  some  years.  With  blocks  that  ranged  from  4  to  5  in.  in  width,  10 
to  12  in.,  and  even  14  in.,  in  length,  and  8  in.  in  depth,  it  has  been 
found  possible  to  get  many  good  blocks  of  smaller  size  by  cutting  them 
up.  The  new  blocks,  being  small,  could  be  cut  to  a  reasonably  true 
surface  without  much  work,  with  the  result  that  the  old  blocks  recut 
would  actually  lay  more  square  yards  in  a  pavement  than  the  original 
ones.  This  practice  is  to  be  commended,  both  on  the  score  of  economy 
and  result. 

Foundation  and  CusJiion. — It  is  assumed  that  the  foundation  for 
permanent  stone  pavements  will  in  all  cases  be  concrete.  On  the  con- 
crete must  be  spread  a  material  to  act  both  as  a  cushion  to  the  blocks 
themselves  and  to  even  up  the  surface  of  the  concrete ;  and  the  smoother 
the  surface  and  the  less  the  variation  in  the  depth  of  the  blocks,  the 
thinner  can  be  the  cushion,  although  it  should  not  be  less  than  |  in., 
in  any  event. 

The  cushion  which  has  generally  been  used  for  this  purpose  is  sand, 
but  recently  engineers  have  been  considering  the  advisability  of  using 
Portland  cement  mortar  instead.  The  objection  to  mortar,  made  by 
some,  is  that  it  makes  a  too  solid  base  for  the  blocks,  not  giving  any 
resiliency.  This  at  present  is  a  mooted  question,  and  the  Committee 
does  not  desire  to  express  a  positive  opinion  as  to  the  relative  values 
of  the  two.  If  a  good  bituminous  cushion  could  be  provided,  it  would 
probably  be  more  satisfactory  than  either  the  mortar  or  the  sand,  but 
it  is  questionable  if  the  advantage  gained  would  justify  the  increase 
in  expense.     (See  also  Brick  Pavements.) 

Construction. — The  blocks  should  be  laid  on  the  cushion  stone  to 
stone,  keeping  the  joints  as  small  as  possible.  The  joints  should  be 
filled  with  water-proof  material.  For  this  purpose  a  Portland  cement 
grout,  asphalt,  or  some  other  bituminous  filler  is  generally  used,  and 
in  some  cases  sand  is  mixed  with  a  bituminous  material  in  order  to 
increase  the  toughness  of  the  filler.  All  these  fillers  give  good  results, 
but  with  cement  grout  the  cost  of  taking  up  and  restoring  the  pavement 
over  cuts  is  increased  over  that  of  a  bituminous  filler,  as  in  many 
cases  blocks  are  broken  in  taking  them  up,  and  it  is  difficult  to  clean 
the  cement  from  the  individual  blocks  and  also  to  keep  the  traffic  from 
the  cut  or  patch  while  the  grout  is  setting  after  the  pavement  has  been 
restored.  Another  disadvantage  of  the  cement  grrout  filler  is  that  it  is 
highly  important  that  it  be  perfectly  set  before  traffic  is  allowed  on 
the  pavement,  and  in  large  cities  it  is  almost  impossible  to  keep  traffic 
from  the  pavement,  after  it  is  laid,  for  the  necessary  length  of  time. 

Wood  Block  Pavements.* 
General. — In  using  wood  in  pavements,  special  attention  should  be 
given  to  the  crown  of  the  street,  as  this  material  undoubtedly  presents, 

•  For  discussion  of  rates  of  grade,  crown,  artificial  foundation,  etc.,  see  "Greneral 
Conclusions." 
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under  certain  conditions,  a  more  slippery  surface  to  traffic  than  any 
other.  Wherever  the  longitudinal  grade  is  sufficient  to  allow  the 
water  to  run  off  freely,  the  crown  should  he  very  fiat,  not  exceeding 
3  in.  in  a  roadway  width  of  30  ft.  On  streets  which  must  be  used 
continuously,  the  maximum  grade  allowed  should  not  exceed  2%, 
although  on  residence  streets,  where  pavements  can  be  avoided  when 
they  are  exceptionally  slippery,  grades  up  to  3  or  4%  are  permissible. 
In  the  Middle  West,  where,  as  a  rule,  there  is  less  moisture  in  the  air 
under  ordinary  conditions,  the  foregoing  grades  have  been  exceeded 
with  satisfactory  results. 

Kinds  of  Wood  for  Blocls. — Whatever  the  kind  of  wood  used  for 
pavements,  it  must  be  treated  with  some  preservative,  in  order  to  make 
it  suitable.  It  is  important  that  as  many  kinds  of  wood  be  utilized  as 
possible,  so  that  in  any  territory  the  most  available  one  can  be  used. 
Just  how  many  varieties  can  be  utilized  is  uncertain  at  the  present 
time,  but  those  that  are  undoubtedly  good  are:  Southern  yellow  pine, 
Douglas  fir,  tamarack,  Norway  pine,  hemlock,  and  black  gum.  In  the 
East  and  Central  West,  Southern  yellow  pine,  and  on  the  Pacific  Coast, 
Douglas  fir,  are  generally  used.  Experiments  will  be  necessary  to 
determine  just  what  other  kinds  will  be  satisfactory. 

The  blocks  must  be  sound,  and  must  be  well  manufactured,  square- 
butted,  square-edged,  free  from  unsomid,  loose  or  hollow  knots,  knot 
holes,  worm  holes,  and  other  defects,  such  as  shakes,  checks,  etc.,  that 
would  be  detrimental  to  the  blocks. 

The  number  of  annual  rings  in  the  1  in.  which  begins  2  in.  from 
the  pith  of  the  block  should  not  be  less  than  6,  measured  radially, 
provided,  however,  that  blocks  containing  between  5  and  6  rings  in 
this  inch  may  be  accepted  if  they  contain  33^%,  or  more,  of  summer 
wood.  In  case  the  block  does  not  contain  the  pith,  the  1  in.  to  be 
used  shall  begin  1  in.  away  from  the  ring  which  is  nearest  to  the 
heart  of  the  block.  The  blocks  in  each  charge  shall  contain  an  aver- 
age of  at  least  70%  of  heart  wood.  No  one  block  shall  be  accepted 
that  contains  less  than  50%  of  heart  wood. 

Size  of  Blocks. — The  blocks  should  be  from  5  to  10  in.  long,  but 
should  preferably  average  two  times  the  depth.  The  Committee  recom- 
mends blocks  4  in.  in  depth  for  very  heavy  traffic  streets;  blocks  3i 
in.  in  depth  for  moderate  traffic  streets.  For  light  traffic  streets,  3  in. 
in  depth  may  be  used,  but  where  3-in.  blocks  are  used,  no  blocks 
should  be  longer  than  8  in.  They  may  be  from  3  to  4  in.  in  width, 
but,  in  any  one  city  block,  all  of  them  should  be  of  uniform 
width.  A  variation  of  xV  in.  should  be  allowed  in  the  depth  and  J 
in.  in  width  of  the  blocks  from  that  specified.  In  all  cases  the  width 
should  be  greater  or  less  than  the  depth  by  at  least  i  in. 

Preservatives  for  Wood  Blocks. — Many  different  materials  have  been 
used  in  the  past  for  wood  preservatives,  but  the  Committee  believes 
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that,  taking  all  things  into  consideration,  coal-tar  creosote  oil  is  the 
best.  Some  engineers,  however,  feel  that  a  creosote  oil  produced  from 
water-gas  tar  is  as  good  as  one  produced  from  coal-gas  tar,  if  not 
better.  As  the  object  of  the  preservative  is  not  only  to  prevent  the 
blocks  from  decay,  but  also  to  prevent  them  from  swelling  in  wet 
weather  or  shrinking  in  dry  weather,  whatever  the  preservative,  it 
should  be  of  a  character  that  will  render  the  blocks  stable  and  free 
from  decay,  for  as  long  a  time  as  possible.  It  is  probable  that  under 
the  traffic  that  prevails  on  most  of  the  streets  paved  with  wood  in 
this  country,  if  the  blocks  can  be  kept  stable  and  free  from  decay, 
the  pavement  will  last  from  30  to  35  years,  or  even  longer.  It  is 
necessary,  however,  to  have  an  oil  that  is  in  itself  stable  and  will 
remain  in  the  blocks  a  long  time. 

It  is  thought  that  a  heavy  gravity  oil  will  do  this  better  than  one  of 
light  gravity,  as  the  former  is  less  volatile  and  will  maintain  its 
condition  better  while  exposed  to  atmospheric  changes.  The  Com- 
mittee recognizes  that  good  results  have  been  obtained  by  the  use  of  a 
pure  distillate  oil,  and  also  one  which  contains  a  certain  quantity  of 
coal-gas  tar. 

Treatment  of  Wood  Blocks. — The  timber  may  be  either  air- 
seasoned  or  green,  but  should  preferably  be  treated  within  3  months 
from  the  time  it  is  sawed.  Green  timber  and  seasoned  timber,  how- 
ever, should  not  be  treated  together  in  the  same  charge. 

In  any  charge,  blocks  should  contain  at  least  16  lb.  of  water-free 
oil  per  cubic  foot  of  wood  at  the  completion  of  the  treatment.  The  blocks 
after  treatment  should  show  satisfactory  penetration  of  the  preserva- 
tive, and  in  all  cases  the  oil  must  be  diffused  throughout  the  sapwood. 
To  determine  this,  at  least  25  blocks  shall  be  selected  from  various 
parts  of  each  charge  and  sawed  in  half  perpendicular  to  the  fibers 
through  the  center,  and  if  more  than  one  of  these  blocks  shows 
untreated  sapwood,  the  charge  should  be  re-treated.  After  re-treating, 
the  charge  should  be  again  subjected  to  a  similar  inspection. 

The  surface  of  the  blocks  after  treatment  should  be  free  from 
deposits  of  objectionable  substances,  and  all  blocks  that  have  been 
materially  warped,  checked,  or  otherwise  injured  in  the  process  of 
treatment,  should  be  rejected. 

Handling  Blocks  After  Treatment. — Blocks  should  preferably  be 
laid  in  the  street  as  soon  as  possible  after  being  treated.  If  they 
cannot  be  laid  immediately,  provision  should  be  made  to  prevent  them 
from  drying  out  by  stacking  in  close  piles  and  covering  them,  and, 
if  possible,  by  sprinkling  them  thoroughly  at  intervals.  In  any  case, 
where  they  are  not  laid  as  soon  as  they  are  received  on  the  street, 
they  should  be  well  sprinkled  about  2  days  before  being  laid,  under 
the  direction  of  the  purchaser.  It  is  important  to  have  the  wood 
sufficiently  wet  to  be  swelled  to  its  maximum  size  before  it  is  laid. 
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Inspection. — All  material  specified  and  processes  used  in  the  manu- 
facture of  the  blocks  therefrom  should  be  subject  to  inspection,  accept- 
ance, or  rejection  at  the  plant  of  the  manufacturer,  which  should  be 
equipped  with  the  necessary  gauges,  appliances,  and  facilities  to  enable 
the  inspector  to  satisfy  himself  that  the  requirements  of  the  specifi- 
cations are  fulfilled. 

The  purchaser  should  have  the  further  right  to  inspect  the  blocks 
after  delivery  on  the  street,  for  the  purpose  of  rejecting  those  that 
do  not  meet  these  specifications,  except  that  the  plant  inspections 
should  be  final  with  respect  to  the  kind  of  wood,  rings  per  inch,  oil, 
and  treatment. 

Construction. — There  are  two  methods  of  laying  wood  blocks,  one 
with  and  one  without  a  cushion.  In  Europe  it  is  invariably  the  practice 
to  lay  the  blocks  directly  on  the  concrete  bed.  When  this  is  done  it 
is  necessary  that  the  surface  of  the  concrete  be  made  absolutely  smooth 
and  true  to  the  required  cross-section  of  the  pavement.  In  thi.s  country 
the  practice  has  been  to  surface-up  the  concrete,  as  has  been  mentioned 
in  connection  with  stone  blocks,  with  cement  mortar  or  sand.  The 
Committee  believes  that  the  cement  mortar  will  give  a  better  result 
than  the  sand.  It  should,  however,  be  mixed  as  dry  as  possible  and 
at  the  same  time  insure  setting,  and  the  blocks  should  be  thoroughly 
rolled  into  it.  If  the  sand  cushion  is  used,  the  blocks  should  also  be 
rolled  to  a  smooth  surface. 

The  Committee  looks  with  a  great  deal  of  favor  on  the  practice 
of  finishing  the  concrete  to  a  true  surface  and  laying  the  blocks  directly 
on  it,  and  would  suggest  that  engineers  laying  this  pavement  try  this 
method,  and,  if  the  cost  of  producing  a  smooth  concrete  surface  is  not 
excessive,  that  the  method  be  generally  adopted. 

The  blocks  should  be  laid  closely  and  the  joints  filled  with  some 
suitable  material.  Three  materials  have  been  used  in  this  country 
for  joint  filling:  sand,  cement  grout,  and  a  bituminous  material.  On 
heavy-traffic  streets,  if  fine  sand  is  used,  good  results  will  be  obtained. 
On  light-traffic  streets,  however,  it  may  be  better  to  use  a  bituminous 
filler  of  practically  the  same  character  as  that  used  for  granite.  If  a 
bituminovis  filler  is  used,  the  pavement  should  be  covered  with  a  thin 
layer  of  fine  sand,  which  should  be  allowed  to  remain  1  or  2  weeks 
after  the  traffic  has  been  allowed  on  the  street.  The  Committee  does 
not  feel  that  cement  grout  should  be  used,  in  any  case.  Though  a 
wood  block  pavement  should  keep  stable,  it  is  undoubtedly  safer  to 
use  a  bituminous  joint  along  the  curb  to  provide  for  expansion  or 
contraction. 

Bleeding. — Considerable  inconvenience  has  been  caused  in  certain 
cities  by  "bleeding",  or  the  exudation  of  the  preservative  on  the  sur- 
face of  the  street,  after  the  blocks  have  been  laid.  If  the  proper  pre- 
caution is  taken  with  the  character  of  the  material  and  the  character 
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of  the  treatment,  it  is  thought  that  this  can  be  avoided.  If  the  pave- 
ment, however,  should  bleed  to  such  an  extent  as  to  be  a  nuisance, 
it  should  be  covered  with  fine  sand,  so  that  the  surface  material  can 
be  absorbed.  After  one  or  two  applications  there  should  be  no  further 
trouble. 

Definitions. 

For  the  sake  of  uniformity  and  clearness,  the  Committee  recom- 
mends that  the  following  lists  of  terms  of  frequent  use  in  expressions 
relating  to  highway  work  be  recognized  as  having  the  meanings  set 
forth  in  the  list,  unless  otherwise  definitely  stated  at  any  time  by  a 
user  of  such  term  or  terms. 

In  the  list  given  will  be  found  some  terms  and  definitions  adopted, 
by  the  American  Society  for  Testing  Materials  noted  thus  *,  others 
by  the  American  Reporters  on  Communication  No.  10  at  the  Third 
International  Road  Congress,  designated  thus  f,  and  other  terms  and 
definitions  which  have  been  proposed  by  the  Committee  on  "Standard 
Tests  for  Road  Materials"  (Committee  D-4)  of  the  American  Society 
for  Testing  Materials,  which  have  been  indicated  thus  :{:.  The  Com- 
mittee wishes  to  acknowledge  here  its  obligations  for  suggestions  thus 
reaching  it. 

Aggregate. — The  inert  material,  such  as  sand,  gravel,  shell,  slag, 
or  broken  stone,  or  combinations  thereof,  with  which  the  cementing 
material  is  mixed  to  form  a  mortar  or  concrete. 

Asphalt.— fSolid  or  semi-solid  native  bitumens,  solid  or  semi-solid 
bitumens  obtained  by  refining  petroleums,  or  solid  or  semi-solid  bitu- 
mens which  are  combinations  of  the  bitumens  mentioned  with  petrol- 
eums or  derivatives  thereof,  which  melt  on  the  application  of  heat,  and 
which  consist  of  a  mixture  of  hydrocarbons  and  their  derivatives  of 
complex  structure,  largely  cyclic  and  bridge  compounds. 

Asphalt  Block  Pavement. — One  having  a  wearing  course  of  pre- 
viously prepared  blocks  of  asphaltic  concrete. 

Asphalt  Cement. — A  fluxed  or  unfluxed  asphaltic  material,  especially 
prepared  as  to  quality  and  consistency,  suitable  for  direct  use  in  the 
manufacture  of  asphaltic  pavements,  and  having  a  penetration  of 
between  5  and  250. 

Asphaltenes. — f  The  components  of  the  bitumen  in  petroleum, 
petroleum  products,  malthas,  asphalt  cements,  and  solid  native  bitu- 
mens, which  are  soluble  in  carbon  disulphide,  but  insoluble  in  paraffin 
naphthas. 

Asphaltic. — Similar  to,  or  essentially  composed  of,  asphalt. 

Base. — Artificial  foundation. 

Binder. — (1)  A  foreign  or  fine  material  introduced  into  the  min- 
eral portion  of  the  wearing  surface  for  the  purpose  of  assisting  the 
road  metal  to   retain   its   integrity   under   stress,   as   well   as,   perhaps, 
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to  aid  in  its  first  construction.  (2)  The  course,  in  a  sheet-asphalt 
pavement,  frequently  used  between  the  concrete  foundation  and  the 
sheet-asphalt  mixture  of  graded  sand  and  asphalt  cement. 

Bitumen. — *  A  mixture  of  native  or  pyrogenous  hydrocarbons  and 
their  non-metallic  derivatives,  which  may  be  gases,  liquids,  viscous 
liquids,  or  solids,  and  which  are  soluble  in  carbon  disulphide. 

Bituminous  Cem,ent. — A  bituminous  material  suitable  for  use  as  a 
binder  having  cementing  qualities  which  are  dependent  mainly  on 
its  bituminous  character. 

Bituminous  Concrete  Pavement. — One  composed  of  broken  stone, 
broken  slag,  gravel,  or  shell,  with  or  without  sand,  Portland  cement, 
fine  inert  material,  or  combinations  thereof,  and  a  bituminous  cement 
incorporated  together  by  a  mixing  method. 

Bituminous  Macadam  Pavem,ent. — One  having  a  wearing  course 
of  macadam  with  the  interstices  filled  by  a  penetration  method  with 
a  bituminous  binder. 

Bituminous  Material. — Material  containing  bitumen  as  an  essen- 
tial constituent. 

Liquid  Bituminous  Material. — :}:  Bituminous  material  show- 
ing a  penetration  at  normal  temperature  under  a  load  of  50 
grammes  applied  for  1  sec.  of  more  than  350. 

Semi-Solid  Bituminous  Material. — %  Bituminous  material 
showing  a  penetration  at  normal  temperature  under  a  load  of 
100  grammes  applied  for  5  sec.  of  more  than  10,  and  under 
a  load  of  50  grammes  applied  for  1  sec.  of  not  more  than  350. 

Solid  Bituminous  Material. — \  Bituminous  material  showing 
a  penetration  at  normal  temperature  under  a  load  of  100 
grammes  applied  for  5  sec.  of  not  more  than  10. 

Bituminous  Pavement.— One  composed  of  broken  stone,  broken 
slag,  gravel,  shell,  sand,  or  fine  inert  material,  or  combinations  thereof, 
and  bituminous  cement  incorporated  together. 

Bituminous  Surface. — A  superficial  coat  of  bituminous  material 
with  or  without  the  addition  of  stone  or  slag  chips,  gravel,  sand,  or 
material  of  similar  character. 

Blanket.— See  "Carpet." 

Bleeding. — The  exudation  of  bituminous  material  on  the  roadway 
surface  after  construction. 

Blown  Petroleums. — f  Semi-solid  or  solid  products  produced 
primarily  by  the  action  of  air  upon  originally  fluid  native  bitumens 
which  are  heated  during  the  blowing  process. 

Bond. — The  combined  action  of  inertia,  friction,  and  of  the  forces 
of  adhesion  and  cohesion  which  helps  the  separate  particles  composing 
a  crust  or  pavement  to  resist  separation  under  stress.  Mechanical  bond 
is    the   bond   produced    almost    wholly,    in    a    well-built    broken-stone 
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macadam  road,  by  the  interlocking  of  angular  fragments  of  stone  and 
the  subsequent  filling  of  the  remaining  interstices  with  the  finer 
particles. 

Bound. — Bonded. 

Water-Bound. — Bonded  with  the  aid  of  water. 
Bituminous    Bound. — Bonded    with   the    aid    of    bituminous 
material. 

Brich  Pavement. — One  having  a  wearing  course  of  paving  bricks 
or  blocks. 

Bridge. — A  structure  for  the  purpose  of  carrying  traffic  over  a  gap 
in  the  roadbed  measuring  10  ft.  or  more  in  the  clear  span. 

Camher  of  a  Bridge. — The  rise  of  its  center  above  a  straight  line 
through  its  ends. 

Camher  of  a  Road. — See  "Crown." 

Carhenes. — f  The  components  of  the  bitumen  in  petroleums,  petro- 
leum products,  malthas,  asphalt  cements,  and '  solid  native  bitumens, 
which  are  soluble  in  carbon  disulphide,  but  insoluble  in  carbon  tetra- 
chloride. 

Carpet. — A  bituminous  surface  of  appreciable  thickness,  generally 
formed  on  top  of  a  roadway  by  the  application  of  one  or  more  coats  of 
bituminous  material  with  gravel,  sand,  or  stone  chips  added. 

Cement. — An  adhesive  Substance  used  for  uniting  particles  of  other 
materials  to  each  other.  Ordinarily  applied  only  to  calcined  "cement 
rock",  or  to  artificially  prepared,  calcined,  and  ground  mixtures  of 
limestone  and  silicious  materials.  Sometimes  used  to  designate  bitu- 
minous binder  used  in  bituminous  pavements,  when  the  expression 
"bituminous  cement"  (q.  v.)  is  understood  to  be  meant. 

Cement-Concrete. — An  intimate  mixture  of  gravel,  shell,  slag,  or 
broken  stone  particles  with  certain  proportions  of  sand  or  similar 
material,  cement,  and  water,  made  previous  to  placing. 

Cement-Concrete  Pavement. — One  having  a  wearing  course  of 
hydraulic  cement  concrete. 

Cemented. — Bonded.  Referring  to  water-boimd  macadam,  the  term 
"cemented"  is  used  to  designate  that  condition  existing  when,  after 
rolling  the  stone  forming  the  crust,  the  remaining  voids  have  been  filled 
with  the  finer  sizes,  and  the  stone  dust  or  "flour"  has,  under  the  action 
of  water,  taken  a  "set",  as  does  cement  itself. 

Chips. — Small  angular  fragments  of  stone  or  slag  containing  no  dust. 

Clay. — Finely  divided  earth,  generally  silicious  and  aluminous, 
which  will  pass  a  200-mesh  sieve.     Also  see  "Gravel." 

Coal-Tar. — f  The  mixture  of  hydrocarbon  distillates,  mostly  un- 
saturated ring  compounds,  produced  in  the  destructive  distillation  of 
coal. 
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Coat. — See  "Carpet."  (1)  The  total  result  of  one  or  more  single 
surface  applications.     (2)  To  apply  a  coat. 

Y    Coke-Oven  Tar. — f  Goal- tar  produced  in  by-product  coke  ovens  in 
the  manufacture  of  coke  from  bituminous  coal. 

Consistency. — *  The  degree  of  solidity  or  fluidity  of  bituminous 
materials. 

Course. — One  or  more  layers  of  road  metal  spread  and  compacted 
separately  for  the  formation  of  the  road  or  pavement.  Courses  are 
usually  referred  to  in  the  order  of  their  laying  as  first  course,  second 
course,  third  course,  etc.    Also  a  single  row  of  blocks  in  a  pavement. 

Crown. — The  rise  in  cross-section  from  the  lowest  to  the  highest  part 
of  the  finished  roadway.  It  may  be  expressed  either  as  so  many  inches 
(or  tenths  of  a  foot),  or  as  a  rate  per  foot  of  distance  from  side  to 
center,  i.  e.,  "the  crown  is  4  in.",  or  "the  crown  is  \  in.  to  the  foot." 

Crusher  Run. — The  total  unscreened  product  of  a  stone  crusher. 

Crusher-Run  Stone.— The  product  of  a  stone-crusher,  unscreened 
except  for  the  removal  of  the  particles  smaller  than  remaining  on  about 
a  ^-in.  screen. 

Crust. — That  portion  of  a  macadam  or  similar  roadway  above  the 
foundation  consisting  of  the  road  metal  proper  with  its  bonding  agent 
or  binder. 

Culvert. — A  structure  for  the  purpose  of  carrying  traffic  over  a  gap 
in  the  road-bed,  measuring  less  than  10  ft.  in  clear  span. 

Cut-Back  Products. — Petroleum,  or  tar  residua,  which  have  been 
fluxed,  each  with  its  own  or  similar  distillates. 

Dead  Oils. — *  Oils,  with  a  density  greater  than  water,  which  are  dis- 
tilled from  tars. 

Dehydrated  Tars. — f  Tars  from  which  all  water  has  been  removed. 

Ditch. — The  open-side  drain  of  a  roadway,  usually  deep  in  propor- 
tion to  its  width,  and  unpaved. 

Drainage. — Provision  for  the  disposition  of  water. 

Side-Drainage. — That  along  the  sides  of  the  roadway. 

Sui-  or  Under-Drainage. — That  below  the  surface. 

Surface  Drainage. — That  on  the  roadway  or  ground  surface. 

V-Drainage. — That  provided  by  the  construction  of  troughs 
in  the  sub-grade  of  the  roadway  which  troughs  are  like  a  "V", 
with  flat  sloping  sides,  and  are  filled  with  stone. 

Dust. — Earth  or  other  matter  in  fine,  dry  particles,  so  attenuated 
that  they  can  be  raised  and  carried  by  air  currents.  The  product  of 
the  crusher  passing  through  a  fine  sieve. 

Dust  Layer. — Material  applied  to  a  roadway  for  temporarily  pre- 
venting the  formation  or  dispersion  under  traffic  of  distributable  dust. 

Earth  Road. — A  roadway  composed  of  natural  earthy  material. 
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Emulsion. — A  combination  of  water  and  oily  material  made  miscible 
with  water  through  the  action  of  a  saponifying  or  other  agent. 

Expansion  Joint. — A  separation  of  the  mass  of  a  structure,  usually 
in  the  form  of  a  joint  filled  with  elastic  material,  which  will  provide 
opportunity  for  slight  movement  in  the  structure. 

Fat. — Containing  an  excess.  A  fat  asphalt  mixture  is  one  in  which 
the  asphalt  cement  is  in  excess  and  the  excess  is  clearly  apparent. 

Filler. — (1)  Relatively  fine  material  used  to  fill  the  voids  in  the  ag- 
gregate. (2)  Material  used  to  fill  the  joints  in  a  brick  or  block 
pavement. 

Fixed  Carbon. — *  The  organic  matter  of  the  residual  coke  obtained 
upon  burning  hydrocarbon  products  in  a  covered  vessel  in  the  absence 
of  free  oxygen. 

Flour. — t  Finely  ground  rocks  or  minerals  pulverized  to  an  impal- 
pable product. 

Flush  Coat.— See  ''Seal  Coat." 

Flushing. — (1)  Completely  filling  the  voids.  (2)  Washing  a  pave- 
ment with  an  excess  of  water. 

Flux.—j;  Bitumens,  generally  liquid,  used  in  combination  with 
harder  bitumens  for  the  purpose  of  softening  the  latter. 

Footway. — The  portion  of  the  highway  devoted  especially  to  pedes- 
trians.   A  sidewalk. 

Foundation. — The  portion  of  the  roadway  below  and  supporting  the 
crust  or  pavement. 

Artificial  Foundation. — That  layer  of  the  foundation  espe- 
cially placed  on  the  sub-grade  for  the  purpose  of  reinforcing  the 
supporting  power  of  the  latter  itself,  and  composed  of  material 
different  from  that  of  the  sub-grade  proper. 

Free  Carhon. — *  In  tars,  organic  matter  which  is  insoluble  in  carbon 
disulphide. 

Gas-House  Coal-Tar. — f  Coal-tar  produced  in  gas-house  retorts  in 
the  manufacture  of  illuminating  gas  from  bituminous  coal. 

Grade. —  (1)  The  profile  of  the  .center  of  the  roadway,  or  its  rate  of 
rise  or  fall.  (2)  Elevation.  (3)  To  establish  a  profile  by  cuts  and  fills 
or  earthwork.  (4)  To  arrange  by  sizes,  broken  stone,  gravel,  sand,  or 
combinations  of  such  materials. 

Gravel. — Small  stones  or  pebbles  usually  found  in  natural  deposits 
more  or  less  intermixed  with  sand,  clay,  etc.,  but  in  which  mixture  the 
particles  which  will  not  pass  a  10-mesh  sieve  predominate. 

Pea  Gravel. — Clean  gravel  the  particles  of  which  approximate 
peas  in  size. 
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Grit. — Stone  chips,  slag  chips,  or  small  gravel. 

Gutter. — The  artificially  surfaced  and  generally  shallow  waterway 
provided  usually  at  the  sides  of  the  roadway  for  carrying  surface  drain- 
age. Occasionally  used  synonymously  with  "ditch",  but  incorrectly  so, 
as  "gutters"  are  always  paved  or  otherwise  surfaced,  and  ditches  are  not. 

Haunches. — The  sideg  or  flanks  of  a  roadway.  Sometimes  also 
called  "quarters." 

Highway. — The  entire  right  of  way  devoted  to  public  travel,  includ- 
ing the  sidewalks  and  other  public  spaces,  if  such  exist. 

Layer. — A  course  made  in  one  application. 

Loam. — Finely  divided  earthy  material  containing  a  considerable 
proportion  of  organic  matter. 

Macadam. — A  road  crust  composed  of  stone  or  similar  material 
broken  into  irregular  angular  fragments  compacted  together  so  as  to 
be  interlocked  and  mechanically  bound  to  the  utmost  possible  extent. 

Mastic. — A  mixture  of  bituminous  material  and  fine  mineral  matter 
suitably  made  for  use  in  highway  construction  and  for  application  in  a 
heated  condition. 

Mat.—f  See  "Carpet." 

Matrix. — *  The  binding  material  or  mixture  of  binding  material  and 
fine  aggregate  in  which  the  large  aggregate  is  embedded  or  held  in  place. 

Mesh. — The  square  opening  of  a  sieve. 

Metal— See  "Road-Metal." 

Mortar. — A  mixture  of  fine  material  such  as  sand,  cement,  and  water 
or  other  liquid  suitably  proportioned  and  incorporated  together  for 
the  purpose  for  which  it  is  used. 

Normal  Temperature. — X  -^s  applied  to  laboratory  observ'ations  of 
the  physical  characteristics  of  bituminous  materials,  is  25°  cent.  (77° 
Falir.). 

Oil-Gas  Tars. — *  Tars  produced  by  cracking  oil  vapors  at  high  tem- 
peratures in  the  manufacture  of  oil  gas. 

Palliative. — A  short-lived  dust  layer. 

Patching. — Repairing  or  restoring  small  isolated  areas  in  the  sur- 
face of  the  metaled  or  paved  portion  of  the  highway. 

Pavement. — The  wearing  course  of  the  roadway  or  footway,  when 
constructed  with  a  cement  or  bituminous  binder,  or  composed  of  blocks 
or  slabs,  together  with  any  cushion  or  "binder"  course. 

Penetration. — In  laboratory  investigations,  the  distance,  expressed 
in  hundredths  of  a  centimeter,  entered  a  sample  by  a  No.  2  cambric 
needle,  operated  in  a  machine  for  the  purpose,  and  under  known  con- 
ditions of  loading,  time,  and  temperature.  Where  the  conditions  of 
test  are  not  specifically  mentioned,  the  load,  time,  and  temperature  are 
understood  to  be  100  grammes,  5  sec,  and  25°  cent.   (77°  Fahr.),  re- 
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spectively,  and  the  units  of  penetration  to  indicate  hundredths  of  a 
centimeter. 

Penetration  Method. — The  method  of  constructing  a  bituminous- 
macadam  pavement  by  pouring  or  grouting  the  bituminous  material 
into  the  upper  course  of  the  road  metal  before  the  binding  of  the  latter 
has  been  completed.  j'— ..^,^,\  , 

Pitch. — t  Solid  residue  produced  in  the  evaporation  or  distillation 
of  bitumens,  the  term  being  usually  applied  to  residue  obtained 
from  tar. 

Hard  Pitch. — Pitch  showing  a  penetration  of  not  more  than 
91'         ten. 

Soft  Pitch. — Pitch  showing  a  penetration  of  more  than  ten, 
Straight-Bun  Pitch. — X  A  pitch   run  in  the  initial  process 
of   distillation,   to   the  consistency   desired   without   subsequent 
fluxing. 

Pochet. — A  hole  or  depression  in  the  wearing  course. 

Pot-Hole. — A  hole  extending  below  the  wearing  course. 

Profile. — A  longitudinal  section  of  a  highway,  generally  taken  along 
the  center  line. 

Quarters. — The  four  sections  of  equal  width  which,  side  by  side, 
make  up  the  total  width  of  a  roadway. 

Raveling. — The  loosening  of  the  metal  composing  the  crust. 

Refined  Tar. — f  A  tar  freed  from  water  by  evaporation  or  distilla- 
tion which  is  continued  until  the  residue  is  of  desired  consistency  or 
a  product  produced  by  fluxing  tar  residuum  with  tar  distillate. 

Renewals. — Extensive  repairs  over  practically  the  whole  surface  of 
the  metaled  or  paved  portion  of  the  highway. 

Repairs. — The  restoration  or  mending  of  a  considerable  amount  of 
the  metaled  or  paved  portion  of  the  highway,  but  not  usually  of  a 
majority  of  the  surface  area.  More  extensive  than  "Patching"  but  less 
so  than  "Renewals." 

Resurfacing. — The  renewal  of  the  surface  of  the  crust  or  pavement. 

Road. — A  highway  outside  of  an  urban  district. 

Road-Bed. — The  natural  foundation  of  a  roadway. 

Road  Metal. — Broken  stone,  gravel,  slag,  or  similar  material  used 
in  road  and  pavement  construction  and  maintenance. 

Roadway. — That  portion  of  a  highway  particularly  devoted  to  the 
use  of  vehicles. 

Roch  Asphalt.— Siandsto-ne  or  limestone  naturally  impregnated  with 
asphalt. 

Rock  Asphalt  Pavement. — A  wearing  course  composed  of  broken  or 
pulverized  rock  asphalt  with  or  without  the  addition  of  other  bituminous 
materials. 
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Sand. — Finely  divided  rock  detritus  the  particles  of  which  will  pass 
a  10-mesh  and  be  retained  on  a  200-mesh  screen.     Also  see  "Gravel." 

Sand-Clay  Road. — A  roadway  composed  of  an  intimate  mixture  of 
sand  and  clay. 

Scarify. — To  loosen  and  disturb  superficially. 

Screen. — In  laboratory  wol-k  an  apparatus,  in  which  the  apertures 
are  circular,  for  separating  sizes  of  material. 

Screenings. — Broken  rock  of  a  size  that  will  pass  through  a  J-  to 
f-in.  screen,  depending  on  the  character  of  the  stone. 

Seal  Coat. — A  final  superficial  application  of  bituminous  material 
during  construction  to  a  bituminous  pavement. 

Setting  Up. — As  applied  to  bituminous  material,  the  relative  quick 
change  which  takes  place  after  its  application  to  a  roadway,  indicated 
by  its  hardening  after  cooling  and  exposure  to  atmospheric  and  traffic 
conditions,  as  opposed  to  the  slower  changes  later  occurring  gradually 
and  almost  imperceptibly. 

Shaping. — Trimming  up  and  preparing  a  sub-grade  preparatory  to 
applying  the  first  course  of  the  road  metal  or  artificial  foundation. 

Sheet-Asphalt  Pavement.— One  having  a  wearing  course  composed 
of  asphalt  cement  and  sand  of  predetermined  grading,  with  or  without 
the  addition  of  fine  material,  incorporated  together  by  mixing  methods. 

Sheet  Pavement. — A  pavement  free  from  frequent  joints  such  as 
would  accompany  small  slabs  or  blocks,  and  which  has  an  appreciable 
thickness  (say,  in  excess  of  1  in.  on  the  average)  for  its  wearing  course. 

Shoulders. — The  portion  of  the  highway  between  the  edges  of  the 
road  metal  or  pavement  and  the  gutters,  slopes,  or  watercourses. 

Side  Drain. — See  "Drainage." 

Sidewalk. — The  portion   of  the  highway   reserved  for  pedestrians. 

Sieve. — In  laboratory  work  an  apparatus,  in  which  the  apertures  are 
square,  for  separating  sizes  of  material. 

Silt. — Naturally  deposited  fine  earthy  material,  which  will  pass  a 
200-mesh  sieve. 

Slag. — ■!(.  Fused  or  partly  fused  compounds  of  silica  in  combination 
with  lime  or  other  bases,  resulting  in  secondary  products  from  the  re- 
duction of  metallic  ores. 

Spalls. — Fragments  broken  off  by  a  blow,  irregular  in  shape,  and 
of  sufficient  size  to  be  comparable  to  the  original  mass. 

Squegee. — A  tool  with  a  rubber  or  leather  edge  for  scraping  or  clean- 
ing hard  surfaces,  or  for  spreading  and  distributing  liquid  material 
over  and  into  the  superficial  interstices  of  roadways. 

Squegee  Coat. — An  application  by  means  of  the  squegee.  oiftE-r* 

Stone  Block  Pavement. — One  having  a  wearing  course  composed  of 
stone  blocks  quite  or  nearly  rectangular  in  shape. 
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Street. — A  highway  in  an  urban  district. 

Sub-Grade. — The  upper  surface  of  the  native  foundation  on  which 
is  placed  the  road  metal  or  the  artificial  foundation,  in  case  the  latter 
is  provided. 

Superficial  Coat. — A  light  surface  coat. 

Surface  Coat. — See  "Carpet." 

Surface  Treatment. — Treating  the  finished  surface  of  a  roadway 
with  bituminous  material. 

Surfacing. — (1)  The  crust  or  pavement.  (2)  Constructing  a  crust 
or  pavement.  (3)  Finally  finishing  the  surface  of  a  roadway.  (4) 
Treating  the  surface  of  a  finished  roadway  with  a  bituminous  material. 

Tailings. — Stones  which  after  going  through  the  crusher  do  not  pass 
through  the  largest  openings  of  the  screens. 

Tar. — f  Bitumen  which  yields  pitch  upon  fractional  distillation  and 
which  is  produced  as  a  distillate  by  the  destructive  distillation  of  bitu- 
mens, pyro-bitumens,  or  organic  material. 

Telford. — Properly  an  artificial  foundation  advocated  by  Thomas 
Telford  (1757-1820),  and  consisting  of  a  pavement  of  stone  about  8 
in.  thick,  laid  by  hand,  and  closely  packed  and  wedged  together.  The 
individual  stones  were  desired  to  be  about  16  sq.  in.  in  section,  and 
about  8  in.  in  length.  They  were  set  close  together  on  the  prepared 
sub-grade,  their  longest  dimension  vertical  and  on  their  larger  ends, 
their  interstices  chinked  with  smaller  stones,  and  the  whole  rammed 
(or  rolled)  until  firm  and  unyielding. 

Telford  Macadam. — Macadam  with  an  artificial  foundation  of 
Telford. 

TJnder-Drain. — See  "Drainage." 

Up-Keep. — Maintenance. 

V-Drain. — See  "Drainage." 

Viscosity. — X  The  measure  of  the  resistance  to  flow  of  a  bituminous 
material,  usually  stated  as  the  time  of  flow  of  a  given  quantity  of  the 
material  through  a  given  orifice. 

Volatile. — Applied  to  those  fractions  of  bituminous  materials  which 
will  evaporate  at  climatic  temperatures. 

Water-Bound. — Bound  or  bonded  with  the  aid  of  water. 

Water-Gas  Tars. — *  Tars  produced  by  cracking  oil  vapors  at  high 
temperatures  in  the  manufacture  of  carburetted  water-gas. 

Wearing  Coat. — The  superficial  layer  of  the  crust  or  pavement  ex- 
posed to  traffic. 

Wearing  Course. — The  course  of  the  crust  or  pavement  exposed  to 
traffic. 

Wood  Block  Pavement. — One  having  a  wearing  course  composed  of 
wood  paving  blocks,  generally  rectangular  in  shape. 
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The  Committee  wishes  to  express  again  its  deep  appreciation  of  the 
assistance  rendered  it  by  the  Board  of  Direction  and  by  your  Secretary, 
Dr.  Chas.  Warren  Hunt,  as  well  as  by  members  of  the  Society,  and 
others. 

Very  respectfully, 

For  the  Special  Committee  on  Materials 
for  Road  Construction  and  on 
Standards  for  Their  Test  and  Use. 

Arthur  H.  Blanchard, 

Secretary. 
Committee  : 

W.  W.  Crosby,  Chairman,  

H.  K.  Bishop, 
A.  H.  Blanchard, 
A.  W.  Dean, 
N.  P.  Lewis, 

C.  J.   TiLDEN, 
G.  W.   TiLLSON. 

October  27th,  1917. 
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APPENDIX     A 


FORM  OF  EECORD  FOR  DATA  CONCERNING  THE  USE  OF 
HIGHWAY  MATERIALS 


(The  following  forins  of  records  are  recommended  for  the  use  of 
Highway  Engineers.  They  cover  both  bituminous  and  non-bituminous 
materials.  Although  combined  in  a  single  table,  it  is  believed  that 
the  data  for  different  kinds  of  road  surfaces  can  advantageously  be 
placed  on  separate  sheets  or  cards  for  convenient  filing  and  reference.) 

General  Information. 

State County Town  or  City 

Road  or  street Limits  of  improvement 

Length  of  improvement,  in  feet 

Width  of  crust  or  pavement,  in  feet  (average) 

Area  of  crust  or  pavement,  in  square  yards 

Kind  of  surface  and  foundation 

Percentage  of  grade,  maximum — per  cent.  . .  .Minimum — per  cent 

Amount  of  crown,  maximum. .  .,  minimum. .  .,  Nature  of  sub-grade.  . . . 

Maximimi  and  minimum  air  temperature  during  year 

Hours  of  working  day Labor  wage  per  hour 

Contractor    

Dates  of  beginning  and  completion  of  improvement 

Class  of  highway  or  nature  of  traffic 


Traffic  Census  for Hours,  Being  the  Average  of  . 

Observations  Taken  Between  the  Hours  of and. 

ON 

Location  of  Point  of  Observation 


Commercial  Vehicles. 

Empty. 

Loaded. 

Estimate 
(in  pounds) 
of  maximum 

load  per 
inch  of  tire. 

Passenger 
vehicles. 

One-horse  vehicles 

Two  or  three-horse  vehicles 

Four  or  more  horse  vehicles 

ISIotor  cycles 

"      runabouts 

"      touring  cars(open  or  closed). 
"      busses 

"       trucks 
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Construction  and  Cost  Details, 
A . — Foundation. 

1.  Material   ,j.  •{^y,^(y\--, 

2.  Thickness ;. 

3.  Cost  per  square  yard -j 

4.  Estimated  life,  in  years 

B. — Wearing  Course. 

1.  Material   

2.  Thickness 

3.  Size  of  block  or  brick 

4.  Kind  and  amount  of  bituminous  cement 

5.  Kind  of  joint 

6.  Proportions  of  aggregate 

7.  Cushion  or  binder  course :. 

8.  First  cost  per  square  yard ; 

9.  Life,  in  years 

10.  Average  annual  maintenance  cost  per  square  yard  during  life  of 

wearing  course   .,•; 

C— Traffic  Data. 

1.  Tons  per  year  (2  000  lb.) 

2.  Average  tons  per  yard  of  width ^ 

3.  Proportion  of  tonnage  on  metal  tires 

4.  "  "    C-3  on  tires  2  in.  or  less  in  width 

Items  of  Cost  for  Each  Square  Yard. 


.Materials 

Labor .loit.  \: Viuui'sil.  'iSjV^  ."^'i'^VO 

Superintendence . . '. ........ 

Overhead,  including  interest  on  plant, 
depreciation,  etc 


Foundation 

Wearing  Course 

Data  Per  Square  Yard.  , 

A-Z. — First  cost  of  foundation ^r.  .•"; . .; .^^ 

A-5. — Annual  interest  and  sinking  fund  for  foundation .» 

A-6. — Total  annual  cost  of  foundation 

5-10. — Annual  maintenance  cost  of  wearing  course f y, 

5-11. — Annual  interest  and  sinking  fim.d  for  wearing  course.  1'.' ...  .."..Z 

5-12.^Total  annual  cost  of  wearing  course.  . ... . .  .' '''^-fy 

A-6-\-B-12 
Yearly  cost  per  1  000  tons  of  traffic  =  -— 1  000  = />, 

(The  following  data  or  such  parts  as  apply  to  a  particular  road  or 
street  could  be  incorporated  on  the  sheet  or  card  containing  the  data 
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immediately  preceding,  or  could  be  placed  on  a  separate  sheet  or  card 
containing  the  results  of  tests  and  analyses.) 

Broken  Stone  and  Broken  Slag. 

Name  and  origin 

Specific  gravity 

Absorption  of  water  per  cubic  foot 

Abrasion,  percentage  of  loss 

Toughness 

Cementation 

Crushing  strength  per  square  inch 

Mechanical  analysis (Use  table  under  this  title) 

Voids,  percentage  of,  loose  and  compacted 

Gravel. 

Location    

Specific  gravity 

Abrasion,  percentage  of  loss 

Cementation 

Mechanical  analysis (Use  table  under  this  title) 

Voids,  percentage  of,  loose  and  compacted 

Sand. 

Location    

Specific  gravity 

Mechanical  analysis (Use  table  under  this  title) 

Voids,  percentage  of,  loose  and  compacted 

Tensile  strength  in  cement  briquettes,  as 

compared  with  standard  Ottawa  sand 

Mixtures  of  Sand  or  Other  Fine  Highway  Materials 
with  Broken  Stone,  Broken  Slag,  or  Gravel. 

Specific  gravity 

Mechanical  analysis (Use  table  under  this  title) 

Voids,  percentage  of,  loose  and  compacted 

Paving  Brick. 

Composition 

Name  of  manufacturer 

Rattler  test,  percentage  of  loss.' 

Stone  Block. 

Name  and  origin 

Specific  gravity 

Absorption  of  water  per  cubic  foot 

Abrasion,  percentage  of  loss 

Toughness 

Hardness 

Crushing  strength  per  square  inch 
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Wood  Block. 

Character  of  wood 

Weight  of  blocks 

Soundness 

Kings  per  radial  inch 

Quantity  of  preservative 

Absorption  of  water  after  treatment 

Character  of  preservative : 

Specific  gravity  at  25°  cent.  (77°  Fahr.)  . 
Specific  gravity  at  38°  cent.  (100°  Fahr.) 

Solubility  in  benzol  or  chloroform 

Water  content 

Distillation : 

Up  to  170°  cent 

170°  to  200°   cent 

200°   to  210°   cent 

210°   to  '235°   cent 

235°   to   270°   cent 

270°   to  300°   cent 

300°   to   315°   cent 

315°   to  355°   cent 

Mechanical  Analysis. 

Passing  200-mesh  sieve 

100     " 


Percentages  by 
weight. 


80 
50 
40 
30 
20 
10 


:^-in.  screen, 

3     U  U 

4 

\        li  U 

1  J.    a  11 

^4 

1  i.    u  u 

2  " 

2^  "         " 

3  " 
Si  " 


retained  on  200-mesh  sieve 

"         "    100     "  " 

"         "      ^0    ."  .    . , .". 

"      "    50   '^  ,":""" 

"  "  30     "          " 

u  u  20     "          " 

"  "  10     "          " 

''  "  :f-in.  screen 

44   •,  .    i  l."44       I     -.-    I3.'T44  '    '   ■    .   tl     i    . 

4 
U  .4  1  .4 

44  44  1  J.      44  44 

■■  4 

4  4  4  4  14-       "        '  " 

"         "2     *'  '  '^  %i:ia- 
44.  . .  .4.  .  .  ,2i.. «. .  . .  *'.  iji: 


jiiiUin'i^  -Aii.   ,i  .lii 


O'J     c'i 

.n.-«i.i 

1 

>f>    '".1: 

;:■   ),: 

mto') 

|tn'"  :;' 

.  .m^i 

Jl'    ' 

1 
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Portland  Cement. 

Loss  on  ignition,  percentage 

Insoluble  residue,  percentage , 

Specific  gravity , 

Retained  on  200-mesh  sieve,  percentage , 

Retained  on  100-mesh  sieve,  percentage 

Steam  test 

Initial  set,  time,   in  minutes 

Final  set,  time,  in  minutes 

Tensile  strength,  neat,  24  hours 

Tensile  strength,  neat,  7  days 

Tensile  strength,  1 :  3  Ottawa  sand,  7  days . . . 

Tensile  strength,  1 :  3  Ottawa  sand,  28  days     ..,.,.^^;^,;.,- 

Compressive  strength,  per  square  inch 

Constancy  of  volume 


Bituminous  Materials. 

The  following  forms  are  given  as  illustrations  of  those  to  be  used 
for  recording  the  properties  of  bituminous  materials. 

Asphalt  Cements  for  Bituminous  Macadam,  Bituminous  Concrete, 

Asphalt  Block  and  Sheet-Asphalt  Pavements  and 

Fillers  for  Brick  and  Stone  Block  Pavements. 

Trade  name 

Manufacturer 

General  characteristics 

Specific  gravity  at  25°  cent.  (77°  Fahr.) 

Flash  point 

Solubility  in  CS,  (carbon  disulphide) 

Organic  matter  insoluble 

Inorganic  matter  insoluble 

Solubility  of  bitumen  in  CCl^  (carbon  tetrachloride) 

Solubility  of  bitumen  in  petroleum  naphtha 

Penetration    4°  cent.  (39°  Fahr.),  200  grammes,  1  min 

Penetration  25°  cent.  (  77°  Fahr.),  100  grammes,  5  sec 

Penetration  46°  cent.  (115°  Fahr.),    50  grammes,  5  sec 

Float  test 

Melting  point  by  ring  and  ball  method 

Ductility  at    4°  cent.  (39°  Fahr.) 

Ductility  at  25°  cent.  (77°  Fahr.) 

Fixed  carbon  content 

Paraffin    content 

Loss  on  evaporation  at  163°  cent.  (325°  Fahr.),  5  hours 

Penetration  of  residue    4°  cent.  (  39°  Fahr.),  200  grammes,  1  min.  . . 

Penetration  of  residue  25°  cent.  (77°  Fahr.),  100  grammes,  5  sec.  . .  . 


' 
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Penetration  of  residue  46°  cent.  (115°  Fahr.),  50  grammes,  5  sec 

Melting  point  of  residue,  by  ring  and  ball  method 

Float  test  on  residue 

Ductility  of  residue  at    4°  cent.  (39°  Fahr.) 
Ductility  of  residue  at  25°  cent.  (77°  Fahr.) 

Tar  Cements  for  Bituminous  Macadam 

and  Bituminous  Concrete  Pavements  and  Fillers 

for  Brick  and  Stone  Block  Pavements. 

Trade  name 

Manufacturer  . . .  .":T-j7:s  .^  •.  f. .;;".;.."',. .".' 

General  characteristics l 

Water .' 

Specific  gravity  at  25°  cent.  (77°  Fahr.) / 

Flash  point ;: 

Solubility  in  CSg  (carbon  disulphide) .' 

Specific  viscosity,  Engler i 

Melting  point,  by  cube  method .' 

Float  test 

Distillation  by  weight  and  by  volume 

.Up     to  110°  cent 

cent 

cent .' 

cent ; 

cent 

Specific  gravity  of  total  distillate  at  25°  cent.  (77°  Fahr.)  .      ........ 

Melting  point  of  residue,  by  cube  method 

Float  test  on  residue 


110° 

to  170 

170° 

to  235 

235° 

to  270 

270° 

to  300 
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APPENDIX     B 


TESTS  OF  NON-BITUMINOUS  MATERIALS. 

It  is  recommended  that  the  following  methods  for  performing  tests 
of  non-bituminous  materials  be  adopted  as  standards: 

Specific  Gravity  of  Coarse  Aggregates* 

The  apparent  specific  gravity  shall  be  determined  in  the  following 
manner : 

The  sample,  weighing  1  000  grammes  and  composed  of  pieces  ap- 
proximately cubical  or  spherical  in  shape  and  retained  on  a  screen 
having  1.27-cm.  (J-in.)  circular  openings,  shall  be  dried  to  constant 
weight  at  a  temperature  between  100  and  110°  cent.  (212  and  230° 
Fahr.),  cooled,  and  weighed  to  the  nearest  0.5  gramme.  Record  this 
weight  as  weight  A.  In  the  case  of  homogeneous  material,  the  smallest 
particles  in  the  sample  may  be  retained  on  a  screen  having  li-in. 
circular  openings. 

Immerse  the  sample  in  water  for  24  hours,  surface-dry  individual 
pieces  with  aid  of  a  towel  or  blotting  paper,  and  weigh.  Record  this 
weight  as  weight  B. 

Place  the  sample  in  a  wire  basket  of  approximately  \-va..  mesh,  and 
about  12.7  cm.  (5  in.)  square  and  10.3  cm.  (4  in.)  deep,  suspend  in 
waterf  from  center  of  scale  pan,  and  weigh.  Record  the  difference 
between  this  weight  and  the  weight  of  the  empty  basket  suspended  in 
water  as  weight  C.     (Weight  of  saturated  sample  immersed  in  water.) 

The  apparent  specific  gravity  shall  be  calculated  by  dividing  the 
weight  of  the  di"y  sample  (A)  by  the  difference  between  the  weights 
of  the  saturated  sample  in  air  (5)  and  in  water  (C),  as  follows: 

A 

Apparent  specific  gravity  =  ~ —. 

Attention  is  called  to  the  distinction  between  apparent  specific 
gravity  and  true  specific  gravity.  Apparent  specific  gravity  includes 
the  voids  in  the  specimen,  and  is,  therefore,  always  less  than  or  equal 
to,  but  never  greater  than,  the  true  specific  gravity  of  the  material. 

Apparent  Specific  Gravity 
OF  Sand,  Stone  Screenings,  or  Other  Fine  Highway  Material. 

Apparatus. — The  determination  shall  be  made  with  a  Jackson  spe- 
cific gravity  apparatus  which  shall  consist  of  a  burette,  with  gradua- 
tions reading  to  0.01  in  specific  gravity,  about  23  cm.  (9  in.)  long  and 

•  Proposed  in  1917  by  Committee  D-4,  "Standard  Tests  for  Road  Materials",  of 
the  Am.  Soc.  for  Testing  Materials. 

t  The  basket  may  be  conveniently  suspended  by  a  fine  -wire  hung  from  a  hook 
shaped  in  the  form  of  a  question  mark  with  the  top  end  resting  on  the  center  of  the 
scale  pan. 
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with  an  inside  diameter  of  about  0.6  cm.  (0.25  in.),  which  shall  be 
connected  with  a  glass  bulb  approximately  13  cm.  (5.5  in.)  long  and 
4.5  cm.  (1.75  in.)  in  diameter,  the  glass  bulb  being  of  such  size  that 
from  a  mark  on  the  neck  at  the  top  to  a  mark  on  the  burette  just 
below  the  bulb,  the  capacity  is  exactly  180  c.c.  (6.09  oz.) ;  and  an 
Erlenmeyer  flask  which  shall  contain  a  hollow  ground-glass  stopper 
having  the  neck  of  the  same  bore  as  the  burette  and  a  capacity  of 
exactly  200  c.c.  (6.76  oz.)  up  to  the  graduation  on  the  neck  of  the 
stopper. 

Method  of  Determination. — The  method  shall  consist  of :  First,  dry 
at  not  more  than  110°  cent.  (230°  Fahr.)  to  a  constant  weight  a  sample 
weighing  about  55  grammes;  second,  weigh  to  0.1  gramme,  50  grammes 
of  the  dry  sample  and  pour  it  into  the  unstoppered  Erlenmeyer  flask; 
third,  fill  the  bulb  and  burette  with  kerosene,  leaving  just  space  enough 
to  take  the  temperature  by  introducing  a  thermometer  through  the 
neck ;  fourth,  remove  the  thermometer  and  add  sufficient  kerosene  to 
fill  exactly  to  the  mark  on  the  neck,  drawing  off  any  excess  with  the 
burette;  fifth,  run  into  the  flask  about  one-half  of  the  kerosene  in  the 
bulb  to  remove  air  bubbles  and  then  run  in  more  kerosene,  removing 
any  material  adhering  to  the  neck  of  the  flask,  until  the  kerosene  is 
just  below  the  ground  glass;  sixth,  place  the  hollow  ground-glass  stopper 
in  position  and  turn  it  to  fit  tightly,  and  then  run  in  kerosene  exactly 
to  the  200-c.c.  (6.76-oz.)  graduation  on  the  neck,  care  being  taken 
to  remove  all  air  bubbles  in  the  flask;  seventh,  read  the  specific  gravity 
from  the  graduation  on  the  burette,  and  the  temperature  of  the  oil 
in  the  flask,  noting  the  difference  between  the  temperature  of  the  oil  in 
the  bulb  before  the  determination  and  that  of  the  oil  in  the  flask  after 
the  determination ;  eighth,  make  a  temperature  correction  to  the  reading 
of  the  specific  gravity  in  accordance  with  the  table  furnished  by  the 
manufacturer  of  the  apparatus,  adding  the  correction  if  the  tempera- 
ture of  the  kerosene  has  increased  and  subtracting  it  if  the  temperature 
of  the  kerosene  has  decreased. 

Absorption  of  Water  Per  Cubic  Foot  of  Rock.* 

"The  absorption  of  water  per  cubic  foot  of  rock  shall  be  determined 
by  the  following  method:  First,  a  sample  weighing  between  29  and 
31  g.  and  approximately  cubical  in  shape  shall  be  dried  in  a  closed 
oven  for  1  hour  at  a  temperature  of  110°  C.  (230°  F.)  and  then  cooled 
in  a  desiccator  for  1  hour;  second,  the  sample  shall  be  rapidly  weighed 
in  air;  third,  trial  weighings  in  air  and  in  water  of  another  sample 
of  approximately  the  same  size  shall  be  made  in  order  to  determine 
the  approximate  loss  in  weight  on  immersion ;  fourth,  after  the  balances 
shall  have  been  set  at  the  calculated  weight,  the  first  sample  shall  be 
weighed  as  quickly  as  possible  in  distilled  water  having  a  temperature 
of  25°  C.  (77°  F.)  ;  fifth,  allow  the  sample  to  remain  48  hours  in  distilled 

•  Proposed  in  1914  by  Committee  D-4,  "Standard  Tests  for  Road  Materials",  of 
the  Am.  Soc.  for  Testing  Materials. 
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water  maintained  as  nearly  as  practicable  at  26°  C.  (77°  F.),  at  the 
termination  of  which  time  bring  the  water  to  exactly  this  temperature 
and  weigh  the  sample  while  immersed  in  it;  sixth,  the  number  of 
pounds  of  water  absorbed  per  cubic  foot  of  the  sample  shall  be  calcu- 
lated by  the  following  formula : 

JY  lY 

Pounds  of  water  absorbed  per  cubic  foot  =  — -^ -~  X  62.24, 

in  which  W  =  the  weight  in  grammes  of  sample  in  air,  W^  =  the 
weight  in  grammes  of  sample  in  water  just  after  immersion,  W^  =  the 
weight  in  grammes  of  sample  in  water  after  48  hours  immersion,  and 
62.24  =  the  weight  in  pounds  of  a  cubic  foot  of  distilled  water  having 
a  temperature  of  25°  C.  (77°  F.). 

"Finally,  the  absorption  of  water  per  cubic  foot  of  the  rock,  in 
pounds,  shall  be  the  average  of  three  determinations  made  on  three 
different  samples  according  to  the  method  above  described." 

Abrasion  Test  for  Broken  Stone  or  Broken  Slag.* 

"The  machine  shall  consist  of  one  or  more  hollow  iron  cylinders; 
closed  at  one  end  and  furnished  with  a  tightly  fitting  iron  cover  at  the 
other;  the  cylinders  to  be  20  cm.  [7.87  in.]  in  diameter  and  34  cm. 
[13.38  in.]  in  depth  inside.  These  cylinders  are  to  be  moimted  on  a 
shaft  at  an  angle  of  30°  with  the  axis  of  rotation  of  the  shaft. 

"At  least  [13.6  kg.]  30  lb.  of  coarsely  broken  stone  shall  be  avail- 
able for  a  test.  The  rock  to  be  tested  shall  be  broken  in  pieces  as 
nearly  uniform  in  size  as  possible,  and  as  nearly  50  pieces  as  possible 
shall  constitute  a  test  sample.  The  total  weight  of  rock  in  a  test 
shall  be  within  10  grammes  of  5  kilogrammes  [11.02  lb.].  All  test  pieces 
shall  be  washed  and  thoroughly  dried  before  weighing.  10  000  revolu- 
tions, at  the  rate  of  between  30  and  33  to  the  minute,  must  constitute 
a  test.  Only  the  percentage  of  material  worn  off  which  will  pass 
through  a  0.16  cm.  (1-16  inch)  mesh  sieve  shall  be  considered  in 
determining  the  amount  of  wear.     *     *     *" 

Abrasion  Test  for  Gravel. 

jSfote. — As  tests  to  determine  the  loss  on  abrasion  of  gravel  are  in  an 
experimental  stage,  the  Committee  has  included  two  methods  which 
have  been  used  and  are  being  investigated.  In  noting  the  results  ob- 
tained, the  Committee  advises  stating  the  method  used. 

Method  No.  1. — The  test  for  abrasion  of  gravel  shall  be  made  with  a 
Deval  abrasion  machine.  (See  "Abrasion  Test  for  Broken  Stone  or 
Broken  Slag.") 

A  charge  of  gravel  shall  consist  of  pieces  which  shall  pass  a  screen 
having  circular  openings  5.08  cm.  (2  in.)  in  diameter  and  be  retained 
on  a  screen  having  circular  openings  1.27  cm.  (i  in.)  in  diameter. 
The  total  weight  of  gravel  in  a  charge  shall  be  within  10  grammes  of 
6  kg.   (11.02  lb.).     The  gravel  to  compose  a  charge  shall  be  washed, 

*  Method  adopted  by  the  Am.  Soc.  for  Testing  Materials,  August  15th,  1908. 
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and  dried  in  a  closed  oven  for  1  hour  at  a  temperature  within  5°  of 
110°  cent.  (230°  Fahr.).  The  charge  of  gravel  shall  be  placed  in  one 
cylinder  of  the  machine,  which  shall  be  rotated  at  a  rate  of  not  less 
than  30  nor  more  than  33  rev.  per  min.  Ten  thousand  revolutions 
shall  constitute  a  test.  The  percentage  of  material  worn  off  which 
will  pass  through  a  sieve  having  openings  of  0.16  cm.  (^^^  in.)  shall 
be  considered  the  amount  of  wear  of  the  charge  of  gravel.  The  loss 
by  abrasion,  determined  as  stated,  shall  be  expressed  in  terms  of  the 
percentage  of  the  total  weight  of  the  charge  of  gravel. 

Method  No.  £.* — The  aggregate  is  first  screened  through  screens 
having  circular  openings  2  in.,  1  in.,  and  J  in.  in  diameter.  The 
sizes  used  for  this  test  are  divided  equally  between  those  passing  the 
2-in.  and  retained  on  the  1-in.  screen,  and  those  passing  the  1-in.  and 
retained  on  the  i-in.  screen.  The  material  of  these  sizes  is  washed  and 
dried.  The  following  weights  of  the  dried  stone  are  then  taken :  2  500 
grammes  of  the  size  passing  the  2-in.  and  retained  on  the  1-in.  screen, 
and  2  500  grammes  of  the  size  passing  the  1-in.  and  retained  on  the 
^-in.  screen.  This  material  is  placed  in  the  cast-iron  cylinder  of  the 
Deval  machine,  as  specified  for  the  standard  abrasion  on  stone.  Briefly 
described,  this  machine  consists  of  a  frame  and  two  or  more  cylinders 
mounted  at  an  angle  of  30°  with  the  axis  of  rotation.  The  cylinders 
are  20  cm.  in  diameter  and  34  cm.  deep,  inside  dimensions.  Six  cast- 
iron  spheres,  1.875  in.  in  diameter  and  weighing  approximately  0.95  lb. 
(0.45  kg.)  each,  are  placed  in  the  cylinder  as  an  abrasive  charge.  (The 
iron  composing  these  spheres  is  the  same  as  that  used  for  the  spheres 
in  the  Standard  Paving  Brick  Battler*  Test.)  After  the  cast-iron 
spheres  have  been  placed  in  the  cylinder  the  lid  is  bolted  on  and  the 
cylinder  is  mounted  in  the  frame  of  the  Deval  machine.  The  duration 
of  the  test  and  the  rate  of  rotation  are  the  same  as  specified  for  the 
standard  test  for  stone,  namely,  10  000  revolutions  at  a  rate  of  from 
30  to  33  rev.  per  min.  At  the  completion  of  the  test  the  material  is 
taken  out  and  screened  through  a  16-mesh  sieve.  The  material  retained 
on  the  sieve  is  washed  and  dried  and  the  percentage  of  loss  by  abrasion 
of  the  material  passing  the  16-mesh  sieve  is  calculated.  When  the 
material  has  a  si)ecific  gravity  of  less  than  2.20,  a  total  weight  of  4  000 
grammes,  instead  of  5  000  grammes,  shall  be  used  in  the  abrasion  test. 

Toughness  Test  for  Rock  or  Slag.! 
Definition. — Toughness,  as  applied  to  rock,  is  the  resistance  offered 
to  fracture  under  impact,  expressed  as  the  final  height  of  blow  required 
of  a  standard  hammer  to  cause  fracture  of  a  cylindrical  test  specimen 
of  given  dimensions. 

•  Proposed  by  the  First  Conference  of  State  Highway  Testing  Engineers  and 
Chemists  held  at  the  U.  S.  Office  of  Public  Roads  in  February,  1917. 

t  Proposed  in  1917  by  Committee  D-4,  "Standard  Tests  for  Road  Materials",  of 
the  Am.  Soc.  for  Testing  Materials. 
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Sampling. — Quarry  samples  of  rock  from  which  test  specimens  are 
to  be  prepared  shall  measure  at  least  6  in.  on  a  side  and  at  least  4  in.  in 
thickness,  and,  when  possible,  shall  have  the  plane  of  structural  weak- 
ness* of  the  rock  plainly  marked  thereon.  Samples  should  be  taken 
from  freshly  quarried  material,  and  only  from  pieces  which  show  no 
evidences  of  incipient  fracture  due  to  blasting  or  other  causes.  The 
samples  should  preferably  be  split  from  large  pieces  by  the  use  of  plugs 
and  feathers,  and  not  by  sledging.  Commercial  stone-block  samples 
from  which  test  specimens  are  to  be  prepared  shall  measure  at  least 
3  in.  on  each  edge. 

Size  and  Form  of  Test  Specimen. — Specimens  for  test  shall  be 
cylinders  prepared  as  described  in  the  next  paragraph,  25  mm.  in  height 
and  from  24  to  25  mm.  in  diameter.  Three  test  specimens  shall  con- 
stitute a  test  set.  The  ends  of  the  specimens  shall  be  plane  surfaces  at 
right  angles  to  the  axis  of  the  cylinder. 

Preparation  of  Test  Specimens. — One  set  of  specimens  shall  be 
drilled  perpendicular  and  another  parallel  to  the  plane  of  structural 
weakness  of  the  rock,  if  such  plane  is  apparent.  If  a  plane  of  structural 
weakness  is  not  apparent,  one  set  of  specimens  shall  be  drilled  at  ran- 
dom. Specimens  shall  be  drilled  in  a  manner  which  will  not  subject 
the  material  to  undue  stresses  and  will  insure  the  specified  dimensions.f 
The  ends  of  the  cylinders  may  be  sawed  with  a  band  or  diamond  saw,:}: 
or  in  any  other  way  which  will  not  induce  incipient  fracture,  but  shall 
not  be  chipped  or  broken  off  with  a  hammer.  After  sawing,  the  ends 
of  the  specimens  shall  be  ground  plane  with  carborundum  or  emery  on 
a  cast-iron  lap  until  the  cylinders  are  24  mm.  in  length. 
®-'  Impact  Machine. — ^Any  form  of  impact  machine  which  will  comply 
with  the  following  essentials  may  be  used  in  making  the  test:  A  cast- 
iron  anvil  weighing  not  less  than  50  kg.,  firmly  fixed  on  a  solid  founda- 
tion; a  hammer  weighing  2  kg.,  arranged  so  as  to  fall  freely  between 
suitable  guides;  a  plunger  made  of  hardened  steel,  and  weighing  1  kg., 
arranged  to  slide  freely  in  a  vertical  direction  in  a  sleeve,  the  lower  end 
of  the  plunger  being  spherical  in  shape,  with  a  radius  of  1  cm. ;  means 
for  raising  the  hammer  and  for  dropping  it  on  the  plunger  from  any 
specified  height  from  1  to  not  less  than  75  cm.,  and  means  for 
determining  the' height  of  fall  to  approximately  1  mm.;  means  for 
holding  the  cylindrical  test  specimen  securely  on  the  anvil  without 
rigid  lateral  support,  and  under  the  plunger  in  such  a  way  that  the 
center  of  its  upper  surface,  throughout  the  test,  shall  be  tangent  to  the 
sphoricnl  end  of  the  plunger  at  its  lowest  point. 

*  The  plane  of  structural  weakness,  in  certain  cases,  may  be  the  rift,  cleavage,  or 
bedding  plane. 

t  The  form  of  diamond  drill  described  in  Bulletin  No.  S-'f7,  U.  S.  Department  of 
Agriculture,  pp.  6—7,  is  recommended,  and  should  prove  satisfactory,  if  the  instruc- 
tions are  strictly  followed. 

t  A  satisfactory  form  of  diamond  saw  is  described  in  Bulletin  No.  3^7,  V.  S. 
Department  of  Agriculture,  pp.  7-9. 
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Method  of  Testing. — The  test  shall  consist  of  a  1-cm.  fall  of  the 
hammer  for  the  first  blow,  a  2-cm.  fall  for  the  second  blow,  and  an 
increase  of  1-cm.  fall  for  each  succeeding  blow,  until  failure  of  the  test 
specimen  occurs. 

Recording  and  Reporting  Results. — The  height  of  the  blow,  in  centi- 
meters, at  failure  shall  be  the  toughness  of  the  test  specimen.  The 
individual  and  the  average  toughness  of  three  test  specimens  shall  be 
reported  when  no  plane  of  structural  weakness  is  apparent.  In  cases 
where  a  plane  of  structural  weakness  is  apparent,  the  individual  and 
average  toughness  of  the  three  specimens  in  each  set  shall  be  reported 
and  identified.  Any  peculiar  condition  of  a  test  specimen  which  might 
affect  the  result,  such  as  the  presence  of  seams,  fissures,  etc.,  shall  be 
noted  and  recorded  with  the  test  result. 

Hardness  Test  for  Rock  or  Slag. 

The  test  for  hardness  shall  be  made  with  a  "Dorry",  or  similar 
machine,  consisting  of  a  revolving  disk  on  which  is  fed,  at  a  uniform 
rate,  a  standard  quartz  sand  passing  a  30-  and  retained  on  a  40-mesh 
sieve.  Two  cores,  each  25  mm.  (0.98  in.)  in  diameter,  shall  be  cut 
from  the  material  to  be  tested,  and  their  faces  ground  off  so  as  to  be 
at  right  angles  to  the  long  axes  of  the  cores.  The  cores  shall  be 
placed  in  the  holders  or  dies  and  weighted  so  that  the  entire  weight 
of  each  core  with  its  holder  and  added  weight  is  1  250  grammes.  Each 
core  shall  be  gromid  in  the  machine  on  one  face  for  1  000  revolutions, 
after  which  it  shall  be  reversed  and  ground  on  the  other  face  for  an 
equal  number  of  revolutions.  The  loss  of  weight  of  each  specimen 
shall  be  determined  at  the  end  of  each  1 000  revolutions,  and  the 
average  loss  in  weight  shall  be  used  for  stating  the  hardness  of  the 
material,  which  latter  shall  be  expressed  by  the  formula :  Hard- 
ness =  20  —  J  ^V ,  where  ^Y  equals  the  average  loss,  in  grammes  per 
1  000  revolutions. 

Cementation  of  Rock,  Slag,  and  Gravel  Powders. 

The  cementation  test  shall  be  made  as  follows:  Of  the  material 
to  be  tested,  500  grammes  shall  be  broken  to  pass  a  1.27-cm.  (^-in.) 
mesh  sieve  and  then  placed  in  a  ball  mill  with  90  c.c.  (3.04  oz.) 
of  water  and  two  steel  shot  weighing  together  9  kg.  (20  lb.).  The 
mill  and  its  charge  shall  be  revolved  for  2^  hours  at  a  rate  of  2  000 
rev.  per  hour.  The  dough  thus  formed  shall  then  be  removed,  and 
25  grammes  of  an  average  sample  of  it  shall  be  placed  in  a  metal 
die,  25  mm.  (0.98  in.)  in  diameter,  and  subjected  to  a  pressure  of 
132  kg.  per  sq.  cm.  for  an  instant  in  a  hydraulic  press.  The  cylindrical 
briquette  resulting  should  measure  exactly  25  mm.  (0.98  in.)  in  height. 
If  it  does  not,  subsequent  samples  of  the  dough  shall  be  taken  in  such 
quantity  that  the  resulting  briquette  after  compression  will  be  exactly 
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25  mm.  (0.98  in.)  in  height.  Five  such  briquettes  shall  be  made  and 
allowed  to  dry  in  the  air  for  a  period  of  20  hours,  after  which  they 
shall  be  heated  for  4  hours  in  a  hot-air  oven  at  a  temperature  of  93.3° 
cent.  (200°  Fahr.),  and  then  cooled  in  a  desiccator  for  20  min.  These 
cylinders  or  briquettes  shall  then  be  tested  in  a  machine,  as  follows : 

The  machine  shall  be  arranged  so  that  a  1-kg.  (2.20-lb.)  hammer  is 
raised  to  a  height  of  1  cm.  (0.39  in.)  and  then  falls  freely  on  a  plunger 
transmitting  the  shock  of  the  blows  of  the  hammer  through  the 
plunger  to  the  test  piece,  successive  blows  being  struck  by  the  hammer 
at  a  rate  of  40  to  70  per  min.,  until  the  test  piece  fails,  which  is  indi- 
cated by  the  failure  of  the  plunger  or  hammer  to  rebound.  The  test 
piece  shall  be  placed  on  the  anvil  under  the  plunger  without  lateral 
support,  and  may  be  fastened  in  place  on  the  anvil  by  a  drop  of  shellac. 
The  average  of  the  number  of  blows  on  the  five  briquettes,  required 
to  produce  failure  in  each  case,  is  the  result  to  be  reported,  and  is  the 
"coefficient  of  cementation." 

Crushing  Strength  of  Eock  or  Slag. 
Cylinders  shall  be  cut  from  a  suitable  block  of  the  material  to  be 
tested,  each  of  which  cylinders  shall  be,  as  nearly  as  practicable,  5  cm. 
(2  in.)  in  diameter  and  10  cm.  (4  in.)  in  length.  After  cutting,  the 
dimensions  of  each  cylinder  shall  be  accurately  measured  and  recorded. 
Each  cylinder  shall  then  be  subjected  to  compression,  and  the  ultimate 
stress  at  which  its  failure  occurs  shall  be  noted.  This  stress  divided 
by  the  average  area  in  cross-section  of  the  cylinder  in  square  inches 
shall  be  reported.  It  is  desirable  that  the  test  of  the  material  shall 
be  made  on  at  least  three  such  cylinders  separately,  and  the  average 
of  the  three  or  more  specimens  shall  be  taken  as  the  average  resistance 
to  crushing  of  the  material.  In  making  the  test,  the  cylinder  shall 
be  fixed  in  the  testing  machine  so  as  to  be  unsupported  on  its  sides 
and  rest  squarely  on  its  ends,  and  the  compressive  stress  shall  be 
applied  cumulatively.  The  ends  of  the  cylinder  shall  be  at  right  angles 
to  its  long  axis,  and  the  blocks  or  pieces  of  the  machine  in  contact 
with  the  ends  of  the  cylinder  and  through  which  the  pressure  is  trans- 
mitted shall  have  such  position  and  freedom  of  movement  in  the  ma- 
chine as  will  insure  the  application  of  the  stress  directly  along  or 
parallel  to  the  long  axis  of  the  cylinder. 

Mechanical  Analysis  of  Broken  Stone,  Broken  Slag,  or  Gravel.* 
The  method  shall  consist  of,  first,  drying  at  not  more  than  110° 
cent.  (230°  Fahr.),  to  a  constant  weight,  a  sample  weighing  in  pounds 
six  times  the  diameter  in  inches  of  the  largest  holes  required;  second, 
passing  the  sample  through  such  of  the  following  sized  screens  having 
circular  openings  as  are  required  or  called  for  by  the  specification, 
the  screens  to  be  used  in  the  order  named:  8.89  cm.  (3^  in.),  7.62  cm. 
*  Method  adopted  in  1916  by  the  Am.  See.  for  Testing  Materials. 
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(3  in.),  6.35  em.  (2i  in.),  5.08  cm.  (2  in.),  3.81  cm.  (U  in.),  3.18  cm. 
(U  in.),  2.54  cm.  (1  in.),  1.90  cm.  (|  in.),  1.27  cm.  (i  in.),  and 
0.64  cm.  (i  in.) ;  third,  determining  the  percentage  by  weight  retained 
on  each  screen;  fonrtJi,  recording  the  mechanical  analysis  in  the 
following  manner: 

Percentage  passing  0.64-cm.   (i-in.)  screen = 

Percentage  passing  1.27-cm.   (^-in.)   screen  and  retained  on 

0.64-cm.    (i-in.)    screen = 

Percentage  passing  1.90-cm.    (|-in.)   screen  and  retained  on 

1.27-cm.  (^-in.)  screen = 

Percentage  passing  2.54-cm.    (1-in.)    screen  and  retained  on 

1.90-cm.    (f-in.)    screen = 

100.00 

Mechanical  Analysis  of  Sand  or  Other  Fine  Highway  Material. 

The  method  shall  consist  of:     First,  drying  at  not  more  than  110° 

cent.  (230°  Fahr.)  to  a  constant  weight  a  sample  weighing  50  grammes; 

second,  passing  the  sample  through  each  of  the  following  mesh  sieves, 

the  sieves  to  be  used  in  the  order  named : 

Meshes  per  linear  , Diameter  of  Wire , 

inch  (2.54  cm.).  Inches.  Millimeters. 

10 0.027  0.6858 

20 0.0165  0.4191 

30 0.01375  0.34925 

40 ,, 0.01025  0.26035 

50 VT.  .\'V  . .  0.009  0.22865 

80 . 0.00575  0.1460 

100 0.0045  0.1143 

,^,-,  200 0.00235  0.05969 

third,  determining  the  percentage  by  weight  retained  on  each  sieve, 
the  sifting  being  continued  on  each  sieve  until  less  than  1%  of  the 
weight  retained  on  each  sieve  shall  pass  through  the  sieve  during  the 
last  minute  of  sifting;  fourth,  recording  the  mechanical  analysis  in 
the  following  manner: 

Percentage  passing  200-mesh  sieve = 

Percentage  passing  100-mesh  sieve  and  retained  on  200-mesh 

sieve    = 

Percentage  passing  80-mesh  sieve  and  retained  on  100-mesh 

sieve    = 

Percentage  passing  50-mesh  sieve  and  retained  on   80-mesh 

sieve    = 


100.00 
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Mechanical  Analysis  of  Mixtures  of  Sand  or  Other  Fine  Highway 
Material  avith  Broken  Stone,  Broken  Slag,  or  Gravel. 

The  method  shall  consist  of:  First,  drying  at  not  more  than  110° 
cent.  (230°  Fahr.)  to  a  constant  weight,  a  sample  weighing  in  pounds 
six  times  the  diameter  in  inches  of  the  largest  holes  required;  second, 
separating  the  sample  by  the  use  of  a  10-mesh  sieve  (American  Society 
for  Testing  Materials  standard  sieve) ;  third,  examining  the  portion 
retained  on  the  10-mesh  sieve  in  accordance  with  the  method  for  making 
a  "Mechanical  Analysis  of  Broken  Stone,  Broken  Slag,  or  Gravel" ; 
fourth,  examining  the  portion  passing  the  10-mesh  sieve  in  accordance 
with  the  method  for  making  a  "Mechanical  Analysis  of  Sand  or  Other 
Fine  Highway  Material" ;  fifth,  recording  the  mechanical  analysis  in 
the  following  manner: 

Percentage  passing  200-mesh  sieve = 

Percentage  passing  100-mesh  sieve  and  retained  on  200-mesh 

sieve    = 

Percentage  passing  80-mesh  sieve  and  retained  on  100-mesh 

sieve    = 

Percentage  passing  10-mesh  sieve  and  retained  on   20-mesh 

sieve    = 

Percentage  passing  0.64-cm.    (^-in.)    screen   and   retained  on 

10-mesh    sieve = 

Percentage  passing  1.27-cm.    (J-in.)    screen  and  retained  on 

0.64-cm.    (:i-in.)    screen = 

Percentage  passing   1.90-cm.   (|-in.)    screen  and  retained  on 

1.27-cm.    (^-in.)    screen = 


=  100.00 


Voids  in  Mineral  Aggregates.* 


"The  voids  in  mineral  aggregates  shall  be  determined  by  the  Cone 
Specific  Gravity  Method.  In  the  method  of  making  the  determination 
of  voids,  as  hereinafter  described,  there  shall  be  used  a  truncated 
cone  made  of  No.  18,  B.  &  S. -gauge  galvanized  steel  with  caulked  seams, 
and  having  the  following  dimensions :  over-all  diameter  of  bottom,  25.4 
cm.  (10  in.)  ;  over-all  height,  25.4  cm.  (10  in.) ;  inside  diameter  of 
opening,  7.6  cm.  (3  in.).  The  test  shall  be  made  in  the  following  man- 
ner: .  First,  thoroughly  mix  the  aggregate  by  rolling  on  paper;  second, 
fill  the  cone  with  aggregates,  avoiding  segregation ;  third,  compact 
aggregate  in  cone  by  oscillation  on  edge  of  cone  resting  on  wooden 
floor,  wooden  box,  or  block  of  wood,  and  use  cotton  waste  pressed 
against  surface  of  aggregate  to  prevent  segregation  during  oscillation; 

*  Proposed  in  1915  by  Committee  D— 4,  "Standard  Tests  for  Road  Materials",  of 
the  Am.  Soc.  for  Testing  Materials. 
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fourth,  continue  to  add  aggregate  and  compact  until  the  cone  is  full 
of  thoroughly  compacted  aggregate,  which  process  will  require  from 
300  to  500  oscillations;  fifth,  weigh  cone  with  aggregate;  sixth,  weigh 
cone  empty;  seventh,  weigh  cone  full  of  clean  water;  eighth,  determine 
the  specific  gravity  of  aggregate;  ninth,  the  percentage  of  voids  in  the 
aggregate  shall  be  calculated  by  the  following  formula : 

Percentage  of  voids  =  (  1 ^^ 2 — n  )  ^*^**^ 

in  which  A  =  the  weight  in  grammes  of  the  cone;  B  =  the  weight  in 
grammes  of  the  cone  filled  with  water;  C  =  the  weight  in  grammes 
of  the  cone  filled  with  compacted  aggregate;  D  =  the  specific  gravity 
of  the  aggregate." 

Battler  Test  for  Paving  Brick  * 
Construction  of  the  Battler. 

General  Design. — The  machine  shall  be  of  good  mechanical  con- 
struction, self-contained,  shall  conform  to  the  following  details  of 
material  and  dimensions,  and  shall  consist  of  barrel,  frame,  and  driving 
mechanisms  as  herein  described. 

The  Barrel. — The  barrel  of  the  machine  shall  be  made  up  of  the 
heads,  head-liners,  staves,  and  stave-liners.  't  ■."\^  ,^ 

The  Frame  and  Driving  Mechanism. — The  barrel  shall  be  inoutited 
on  a  cast-iron  frame  of  sufficient  strength  and  rigidity  to  support 
it  without  undue  vibration.  It  shall  rest  on  a  rigid  foundation  with 
or  without  the  interposition  of  wooden  plates,  and  shall  be  fastened 
thereto  by  bolts  at  not  less  than  four  points.  It  shall  be  driven  by 
gearing  having  a  ratio  of  driver  to  driven  of  not  less  than  one  to  four. 

The  Abrasive  Charge. — The  abrasive  charge  shall  consist  of  cast- 
iron  spheres  of  two  sizes.  When  new,  the  larger  spheres  shall  be  9.52 
cm.  (3.75  in.)  in  diameter  and  shall  weigh  approximately  3.40  kg. 
(7.5  lb.)  each.  Ten  spheres  of  this  size  shall  be  used.  These  shall  be 
weighed  separately  after  each  ten  tests,  and  if  the  weight  of  any  large 
sphere  falls  to  3.175  kg.  (7  lb.),  it  shall  be  discarded  and  a  new  one 
substituted;  provided,  however,  that  all  the  large  spheres  shall  not 
be  discarded  and  substituted  by  new  ones  at  any  single  time,  and  that, 
so  far  as  possible,  the  large  spheres  shall  compose  a  graduated  series 
in  various  stages  of  wear.  When  new,  the  smaller  spheres  shall  be 
4.762  cm.  (1.875  in.)  in  diameter  and  shall  weigh  approximately  0.43  kg. 
(0.95  lb.)  each.  In  general,  the  number  of  small  spheres  in  a  charge 
shall  not  fall  below  245  nor  exceed  260.  The  collective  weight  of  the 
large  and  small  spheres  shall  be  as  nearly  136  kg.  (300  lb.)  as  possible. 
'No  small  sphere  shall  be  retained  in  use  after  it  has  been  worn  down 
so  that  it  will  pass  a  circular  hole  4.45  cm.  (1.75  in.)  in  diameter, 
drilled  in  an  iron  plate  0.64  cm.  (i  in.)  in  thickness,  or  weigh  less  than 

*  Adapted  from  the  "Standard  Specifications  for  Paving  Brick",  adopted  in  1915 
by  the  Am.  Soc.  for  Testing  Materials. 
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0.34  kg.  (0.75  lb.).  Further,  the  small  spheres  shall  be  tested,  by  passing 
them  over  the  above  plate  or  by  weighing,  after  ten  tests,  and  any 
which  pass  through  or  fall  below  the  specified  weight,  shall  be  replaced 
by  new  spheres;  provided,  further,  that  all  the  small  spheres  shall 
not  be  rejected  and  replaced  by  new  ones  at  any  one  time,  and  that, 
so  far  as  possible,  the  small  spheres  shall  compose  a  graduated  series 
in  various  stages  of  wear.  At  any  time  that  any  sphere  is  found  to 
be  broken  or  defective,  it  shall  at  once  be  replaced. 

The  iron  composing  these  spheres  shall  have  a  chemical  composition 
within  the  following  limits : 

Combined  carbon Not  less  than  2.50  per  cent. 

Graphitic  carbon    Not  more  than  0.25    "        " 

Silicon    "        "         "     1.00    "        " 

Manganese    "        "         "     0.50    " 

Phosphorus "        "         "     0.25    " 

Sulphur    "        "        "     0.08    "        " 

Operation  of  the  Test. 

The  Brich  Charge. — The  number  of  bricks  per  test  shall  be  ten  for 
all  bricks  of  so-called  "block-size",  having  dimensions  which  fall 
between  20.32  and  22.86  cm.  (8  and  9  in.)  in  length,  7.62  and  9.52  cm. 
(3  and  3|  in.)  in  breadth,  and  9.52  and  10.8  cm.  (3|  and  4:^  in.)  in 
thickness.  No  brick  should  be  selected  as  part  of  a  regular  test  that 
would  be  rejected  by  any  other  requirements  of  the  specifications  under 
which  the  purchase  is  made.  (Note  hy  Committee. — Each  brick  should 
be  marked  by  small  holes  drilled  in  one  of  the  faces  of  the  brick,  and 
the  initial  weight  of  each  brick  composing  the  charge  should  be 
determined.) 

Speed  and  Duration  of  Revolution. — The  rattler  shall  be  rotated  at 
a  uniform  rate  of  not  less  than  29.5  nor  more  than  30.5  rev.  per  min., 
and  1  800  revolutions  shall  constitute  the  test.  A  counting  machine 
shall  be  attached  to  the  rattler  for  recording  the  revolutions.  A  margin 
of  not  more  than  10  revolutions  will  be  allowed  for  stopping.  Only 
one  start  and  stop  per  test  is  generally  acceptable.  If,  from  accidental 
causes,  the  rattler  is  stopped  and  started  more  than  once  during  a 
test,  and  the  loss  exceeds  the  maximum  permissible  under  the  speci- 
fications, the  test  shall  be  discarded  and  another  made. 

The  Scales. — The  scales  shall  have  a  capacity  of  not  less  than  136 
kg.  (300  lb.),  shall  be  sensitive  to  14.17  grammes  (0.5  oz.),  and  shall 
be  tested  by  a  standard  test  weight  at  intervals  of  not  less  than  every 
ten  tests. 

The  Results. — The  loss  shall  be  calculated  in  percentage  of  the 
initial  weight  of  the  brick  composing  the  charge.  In  weighing  the 
rattled  brick,  any  piece  weighing  less  than  0.45  kg.   (1  lb.)   shall  be 
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rejected.  (Note  hy  Committee. — The  loss  for  each  brick  should  also  be 
calculated  in  percentage  of  the  initial  weight  of  each  brick  composing 
the  charge.)  -,..., , 

Absorption  of  Water  by  Wood  Blocks  After  Treatment. 

Five  blocks  of  average  character  shall  be  heated  in  an  oven  to  a 
temperature  of  110°  cent.  (230°  Fahr.)  for  3  hours,  then  weighed,  and 
immersed  in  water  for  the  same  length  of  time.  At  the  end  of  this 
time,  they  shall  be  taken  out,  wiped  dry,  and  weighed,  the  difference 
in  weight  before  and  after  immersion,  calculated  on  the  weight  after 
heating,  being  the  percentage  of  absorption. 

Cement. 

For  samjiling,  analysis,  and  testing  of  cement,  the  methods  described 
in  the  "Final  Report  of  the  Special  Committee  on  Uniform  Tests  of 
Cement"  (Transactions,  Am.  Soc.  C.  E.,  Vol.  LXXV,1912,  pp.  665 
to  690)  are  recommended  for  use. 
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APP^EISTDIX    C 


TESTS  OF  BITUMINOUS  MATERIALS. 


It  is  recommended  that  the  following  methods  for  performing  tests 
of  bituminous  materials  be  adopted  as  standards: 

Specific  Gravity. 

For  liquid  and  semi-solid  materials,  some  standard  form  of  pykno- 
meter  shall  be  used.  For  solid  materials,  the  suspension  method  shall 
be  used.  Material  and  distilled  water  shall  have  a  temperature  of 
25°  cent.   (77°  Fahr.). 

The  pyknometer  to  be  used  shall  consist  of  a  fairly  heavy,  straight- 
walled  glass  tube,  70  mm.  (2.75  in.)  long  and  22  mm.  (0.875  in.)  in 
diameter,  ground  to  receive  a  solid  glass  stopper  with  a  hole  of  1.6-mm. 
(0.063-in.)  bore,  in  place  of  the  usual  capillary  opening.  The  lower 
part  of  this  stopper  shall  be  made  concave  in  order  to  allow  all  air 
bubbles  to  escape  through  the  bore.  The  depth  of  the  cup-shaped 
depression  is  4.8  mm.  (0.188  in.)  at  the  center.  The  stoppered  tube 
shall  have  a  capacity  of  about  24  cu.  cm.  (0.811  oz.)  and  when  empty 
shall  weigh  about  28  grammes.  Its  principal  advantages  are:  (1)  that 
any  desired  quantity  of  bituminous  material  may  be  poured  in 
without  touching  the  sides  above  the  level  desired;  (2)  it  is  easily 
cleaned;  (3)  on  account  of  the  1.6-mm.  (0.063-in.)  bore,  the  stopper 
can  be  more  easily  inserted  when  the  tube  is  filled  with  a  very  viscous 
oil  than  if  it  contained  a  capillary  opening.  When  testing  solid  or 
semi-solid  materials  with  tli©  pyknometer,  extreme  care  should  be 
taken  in  melting,  to  avoid  loss  by  evaporation,  and,  in  filling  the 
pyknometer,  to  avoid  entrapping  air. 

When  working  with  semi-solid  bituminous  materials  which  are 
too  soft  to  be  broken  and  handled  in  fragments,  the  following  method 
of  determining  their  specific  gravity  has  been  used  with  good  results. 
The  clean,  dry  pyknometer  is  first  weighed  empty  and  this  weight 
is  called  a.  It  is  then  filled  in  the  usual  manner  with  freshly  dis- 
tilled water  at  25°  cent.  (77°  Fahr.),  and  the  weight  is  again  taken 
and  called  h.  A  small  quantity  of  the  material  is  then  placed  in  a 
spoon  and  brought  to  a  fluid  condition  by  the  gentle  application  of 
heat,  with  care  that  no  loss  by  evaporation  occurs.  When  sufficiently 
fluid,  enough  is  poured  into  the  dry  pyknometer,  which  may  also  be 
warmed,  to  fill  it  about  half  full,  without  allowing  the  material  to 
touch  the  sides  of  the  tube  above  the  desired  level.  The  tube  and  con- 
tents are  then  allowed  to  cool  to  room  temperature,  after  which  the 
tube,  with  the  stopper,  is  carefully  weighed.  This  weight  is  called  c. 
Distilled   water,    at   25°    cent.    (77°    Fahr.),   is   then   poured   in   until 
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the  pyknometer  is  full.  After  this  the  stopper  is  inserted  and  the 
whole  is  cooled  to  25°  cent.  (77°  Fahr.)  by  a  30-min.  immersion  in 
a  beaker  of  distilled  water  maintained  at  this  temperature.  All  sur- 
plus moisture  is  then  removed  with  a  soft  cloth,  and  the  pyknometer 
and  contents  are  weighed.  This  weight  is  called  d.  From  the  weights 
obtained,  the  specific  gravity  of  the  material  may  be  readily  calculated 
by  the  following  formula : 


Specific  gravity  25°  cent.   (77°  Fahr.) 


1  = 


25°  cent.   (77°  Fahr.)/     (        (6  _  a)  —  (d  —  c)' 

Both  a  and  h  are  constants,  and  need  be  determined  only  once. 
It  is  necessary,  therefore,  to  make  only  two  weighings  for  each  deter- 
mination after  the  first.  Results  obtained  according  to  this  method 
are  accurate  to  within  two  units  in  the  third  decimal  place,  whereas 
the  open-tube  method  commonly  used  is  accurate  to  the  second  decimal 
place  only. 

The  specific  gravity  of  fluid  bituminous  material  may  be  deter- 
mined in  the  ordinary  manner  with  this  pyknometer  by  completely 
filling  it  with  the  material  and  dividing  the  weight  of  the  bituminous 
material  thus  obtained  by  that  of  the  same  volume  of  water. 

Flash  Point. 

The  flash  point  shall  be  determined  by  the  closed-cup  test. 

Although,  for  ordinary  purposes,  the  open-cup  method  of  deter- 
mining the  flash  and  burning  points  of  bituminous  materials  is  rea- 
sonably accurate,  the  closed-cup  method  described  below  is  to  be 
preferred. 

The  oil  tester  shall  consist  of  a  copper  oil  cup  having  a  capacity 
of  about  300  cu.  cm.  (10.1  oz.),  and  shall  be  heated  in  a  water  or 
oil  bath  by  a  small  Bunsen  flame.  The  cup  shall  be  provided  with 
a  glass  cover  carrying  a  thermometer,  and  a  hole  for  inserting  the 
testing  flame.  The  testing  flame  shall  be  obtained  from  a  jet  of  gas 
passed  through  the  piece  of  glass  tubing,  and  shall  be  about  5  mm. 
(0.197  in.)  in  length. 

The  flash  test  shall  be  made  as  follows:  The  oil  cup  shall  first 
be  removed  and  the  bath  filled  with  water  or  cottonseed  oil.  The  oil 
may  always  be  used,  and  is  necessary  for  bituminous  material  flash- 
ing at  a  temperature  of  more  than  100°  cent.  (212°  Fahr.).  The 
oil  cup  shall  be  replaced  and  filled  with  the  material  to  be  tested 
to  within  3  mm.  (0.118  in.)  of  the  flange  joining  the  cup  and  the 
vapor  chamber  above.  The  glass  cover  shall  then  be  placed  on  the 
oil  cup  and  the  thermometer  adjusted  so  that  its  bulk  shall  be  just 
covered  by  the  bituminous  material.  The  Bunsen  flame  shall  be  ap- 
plied in  such  a  manner  that  the  temperature  of  the  material  in  the 
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cup  shall  be  raised  at  the  rate  of  about  5°  cent.  (9°  Fahr.)  per  rain. 
From  time  to  time  the  testing  flame  shall  be  inserted  in  the  opening 
in  the  cover  to  about  half  way  between  the  surface  of  the  material 
and  the  cover.  The  appearance  of  a  faint  bluish  flame  over  the 
entire  surface  of  the  bituminous  material  will  show  that  the  flash 
point  has  been  reached  and  the  temperature  at  this  point  is  taken. 

Solubility  in  Carbon  Bisulphide  (CS,). 

This  test  shall  consist  in  dissolving  the  bituminous  material  in 
carbon  disulphide  and  recovering  any  insoluble  matter  by  filtering 
the  solution  through  an  asbestos  felt.  The  Gooch  crucible  used  for 
the  determination  shall  be  4.4  cm.  (1.722  in.)  wide  at  the  top,  tapering 
to  3.6  cm.  (1.417  in.)  at  the  bottom,  and  shall  be  2.5  cm.  (0.984 
in.)  deep. 

The  asbestos  shall  be  cut  with  scissors  into  pieces  not  exceeding 
1  cm.  (0.394  in.)  in  length,  after  which  it  shall  be  shaken  up  with 
just  sufficient  water  to  pour  easily.  The  crucible  shall  be  filled  with 
the  suspended  asbestos  and  allowed  to  settle  for  a  few  moments.  A 
light  suction  shall  then  be  applied  to  draw  off  all  the  water  and 
leave  a  firm  mat  of  asbestos  in  the  crucible.  More  of  the  suspended 
material  shall  be  added,  and  the  operation  shall  be  repeated  until  the 
felt  shall  be  so  dense  that  it  scarcely  transmits  light  when  held  so 
that  the  bottom  of  the  crucible  is  between  the  eye  and  the  source  of 
light.  The  felt  shall  then  be  washed  several  times  with  water,  and 
drawn  firmly  against  the  bottom  of  the  crucible  by  an  increased  suc- 
tion. The  crucible  shall  be  removed  to  a  drying  oven  for  a  few 
minutes,  after  which  it  shall  be  ignited  at  red  heat  over  a  Bunsen 
burner,  cooled  in  a  desiccator,  and  weighed. 

Two  grammes  of  bituminous  material  or  10  grammes  of  an  asphalt 
topping  or  rock  asphalt  shall  then  be  placed  in  an  Erlenmeyer  flask, 
which  shall  have  been  weighed  previously,  and  the  accui'ate  weight 
of  the  sample  obtained.  One  hundred  cubic  centimeters  (3.381  oz.) 
of  chemically  pure  carbon  disulphide  shall  be  poured  into  the  flask, 
in  small  portions,  with  continual  agitation,  until  all  lumps  disappear 
and  nothing  adlieres  to  the  bottom.  The  flask  shall  then  be  corked 
and  set  aside  for  15  min.  to  allow  settlement  of  the  insoluble  material. 

The  weighed  Gooch  crucible  containing  the  felt  shall  be  set  up 
over  the  dry  pressure  flask,  and  the  solution  of  bituminous  material 
in  carbon  disulphide  shall  be  decanted  through  the  felt  without 
suction  by  gradually  tilting  the  flask,  with  care  not  to  stir  up  any 
precipitate  that  may  have  settled  out.  At  the  first  sign  of  any  sedi- 
ment coming  out,  the  decantation  shall  be  stopped  and  the  filter 
allowed  to  drain.  A  small  quantity  of  carbon  disulphide  shall  then 
be  washed  down  the  sides  of  the  flask,  after  which  the  precipitate 
shall  be  brought  ujwn  the  felt  and  the  flask  scrubbed,   if  necessary, 
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with  a  feather  or  "policeman",  to  remove  all  adhering  material.  The 
contents  of  the  crucible  shall  be  washed  with  carbon  disulphide  until 
the  washings  run  colorless.  Suction  shall  then  be  applied  until  there 
is  practically  no  odor  of  carbon  disulphide  in  the  crucible,  after  which 
the  outside  of  the  crucible  shall  be  cleaned  with  a  small  quantity 
of  the  solvent.  The  crucible  and  contents  shall  be  dried  in  the  hot- 
air  oven  at  100°  cent.  (212°  Fahr.)  for  about  20  min.,  cooled  in  a 
desiccator,  and  weighed.  If  any  appreciable  quantity  of  insoluble 
matter  adheres  to  the  flask,  it  shall  also  be  dried  and  weighed,  and 
any  increase  over  the  original  weight  of  the  flask  shall  be  added  to 
the  weight  of  insoluble  matter  in  the  crucible.  The  total  weight 
of  insoluble  material  may  include  both  organic  and  mineral  matter. 
The  former,  if  present,  shall  be  burned  off  by  ignition  at  a  red  heat 
until  no  incandescent  particles  remain,  thus  leaving  the  mineral 
matter  or  ash,  which  can  be  weighed  on  cooling.  The  difference  be- 
tween the  total  weight  of  material  insoluble  in  carbon  disulphide  and 
the  weight  of  substance  taken  equals  the  total  bitumen,  and  the  per- 
centage weights  are  calculated  and  reported  as  total  bitumen,  and 
insoluble  organic  and  inorganic  matter,  on  the  basis  of  the  weight  of 
material  taken  for  analysis. 

This  method  is  quite  satisfactory  for  straight  oil  and  tar  products, 
but,  where  native  asphalts  are  present,  it  will  be  found  practically 
impossible-  to  retain  all  the  finely  divided  mineral  matter  on  an  asbes- 
tos felt.  It  is  generally  more  accurate,  therefore,  to  obtain  the  result 
for  total  mineral  matter  by  direct  ignition  of  a  1-gramme  sample  in 
a  platinum  crucible,  or  to  use  the  result  for  ash  obtained  in  the 
fixed  carbon  test.  The  total  bitumen  is  then  determined  by  deducting 
from  100%  the  sum  of  the  percentages  of  total  mineral  matter  and 
insoluble  organic  matter.  If  the  presence  of  a  carbonate  mineral  is 
suspected,  the  percentage  of  mineral  matter  may  be  most  accurately 
obtained  by  treating  the  ash  from  the  fixed  carbon  determination 
with  a  few  drops  of  ammonium  carbonate  solution,  drying  at  100° 
cent.  (212°  Fahr.),  then  heating  for  a  few  minutes  at  a  dull  red  heat, 
cooling,  and  weighing  again. 

When  difficulty  in  filtering  is  experienced — for  instance,  when 
Trinidad  asphalt  is  present  in  any  quantity — a  longer  period  of  sub- 
sidence than  15  min.  is  necessary,  and  the  following  method, 
adopted  in  1911  by  the  American  Society  for  Testing  Materials  is 
recommended:  ■   ■'  '■ 

Analysis  of  Sample. — After  drying,  from  2  to  15  grammes  (as  may 
be  necessary  to  insure  the  presence  of  1  to  2  grammes  of  pure  bitumen) 
are  weighed  into  a  150-cc.  tared  Erlenmeyer  flask,  and  treated  with 
100  cc.  of  carbon  disulphide.  The  flask  is  then  loosely  corked  and 
shaken  from  time  to  time  until  all  large  particles  of  the  material 
have  been  broken  up.     It  is  then  set  aside  for  48  hours  to  settle.     The 
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solution  is  decanted  into  a  similar  flask  that  has  been  previously 
weighed.  As  much  of  the  solvent  is  poured  off  as  possible  without 
disturbing  the  residue.  The  contents  of  the  first  flask  are  again 
treated  with  fresh  carbon  disulphide,  shaken  as  before,  and  then  put 
away  with  the  second  flask  for  48  hours  to  settle. 

The  liquid  in  the  second  flask  is  then  carefully  decanted  on  a 
weighed  Gooch  crucible,  3.2  cm.  in  diameter  at  the  bottom,  fitted  with 
an  asbestos  filter,  and  the  contents  of  the  first  flask  are  similarly 
treated.  The  asbestos  filter  is  made  of  ignited  long-fiber  amphibole, 
packed  in  the  bottom  of  a  Gooch  crucible  to  the  depth  of  not  more  than 
i  in.  In  filtering,  no  vacuum  is  to  be  used  and  the  temperature  is  to 
be  kept  between  20°  and  25°  cent.  After  passing  the  liquid  contents 
of  both  flasks  through  the  filter,  the  residue  on  the  filter  is  thoroughly 
washed,  and  the  residues  remaining  in  them  are  shaken  with  more  fresh 
carbon  disulphide  and  allowed  to  settle  for  24  hours,  or  until  it  is 
seen  that  a  good  subsidation  has  taken  place.  The  solvent  in  both 
flasks  is  then  again  decanted  through  the  filter,  and  the  residues  re- 
maining in  them  are  washed  until  the  washings  are  practically  color- 
less.   All  washings  are  to  be  passed  through  the  Gooch  crucible. 

The  crucible  and  both  flasks  are  then  dried  at  125°  cent,  and 
weighed.  The  filtrate  containing  the  bitumen  is  evaporated,  the  bitu- 
minous residue  burned,  and  the  weight  of  the  ash  thus  obtained  added 
to  that  of  the  residue  in  the  two  flasks  and  the  crucible.  The  sum  of 
these  weights  deducted  from  the  weight  of  substance  taken  gives  the 
weight  of  soluble  bitumen. 

Solubility  of  Bitumen  in  Carbon  Tetrachloride  (CCl^). 

The  test  shall  be  conducted  in  exactly  the  same  manner  as  de- 
scribed for  the  test  for  "Solubility  in  Carbon  Disulphide",  except 
that  100  cu.  cm.  (3.381  oz.)  of  chemically  pure  carbon  tetrachloride 
shall  be  used  in  place  of  carbon  disulphide,  and  the  percentage  of 
bitumen  insoluble  in  carbon  tetrachloride  shall  be  reported  on  the 
basis  of  the  bitumen  taken  as  100,  the  quantity  of  bitumen  having 
been  determined  by  the  method  described  under  the  heading  "Solu- 
bility in  Carbon  Disulphide." 

Consistency. 

The  "Engler  Yiscosimeter,"  the  "New  York  Testing  Laboratory 
Float."  or  the  "Penetrometer,"  shall  be  used,  as  practicable,  at  4°  cent. 
(39°  Fahr.),  25°  cent.  (77°  Fahr.),  and  46°  cent.  (115°  Fahr.). 

Viscosity  Test. 

The  viscosity  of  liquid  bituminous  materials  shall  be  determined 
at  any  desired  temperature  by  using  the  "Engler  Yiscosimeter."  This 
apparatus  consists  of  a  brass  vessel   for  holding  the  material   to  be 
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tested,  and  is  closed  by  a  cover.  To  the  conical  bottom  is  fitted  a 
conical  outflow  tube  exactly  20  mm.  (0,787  in.)  long,  with  a  diameter 
of  2.9  mm.  (0.114  in.)  on  top,  and  of  2.8  mm.  (0.110  in.)  on  the 
bottom.  This  tube  is  closed  and  opened  by  a  pointed  hardwood 
stopper.  Pointed  metal  projections  are  placed  on  the  inside  of  the 
vessel  at  equal  distances  from  the  bottom,  and  serve  for  measuring 
the  charge  of  material,  which  is  240  cu.  cm.  (8.116  oz.).  A  ther- 
mometer is  used  to  ascertain  the  temperature  of  the  material  to  be 
tested.  The  vessel  is  surrounded  by  a  brass  jacket,  which  holds  the 
material  which  may  be  used  as  a  heating  bath,  either  water  or 
cottonseed  oil,  according  to  the  temperature  at  which  the  test  is  to 
be  made.  A  tripod  serves  as  a  support  for  the  apparatus,  and  also 
carries  a  ring  burner  by  which  the  bath  is  heated  directly.  The 
measuring  cylinder,  having  a  capacity  of  100  cu.  cm.  (3.381  oz.), 
which  is  sufficiently  accurate  for  work  with  road  materials,  is  placed 
directly  under  the  outflow  tube. 

As  all  viscosity  determinations  should  be  compared  with  that  of 
water  at  25°  cent.  (77°  Fahr.),  the  apparatus  shall  have  been  pre- 
viously calibrated  as  follows:  The  cup  and  outlet  tube  shall  first  be 
scrupulously  cleaned.  A  piece  of  soft  tissue  paper  is  convenient  for 
cleaning  the  tube.  The  stopper  shall  then  be  inserted  in  the  tube, 
and  the  cup  shall  be  filled  with  water  at  25°  cent.  (77°  Fahr.)  to  the 
top  of  the  projections.  The  measuring  cylinder  shall  be  placed  directly 
imder  the  outflow  tube  so  that  the  material,  on  flowing  out,  will  not 
touch  the  sides.  The  stopper  shall  then  be  removed  and  the  time 
required,  both  for  50  and  100  cu.  cm.  (1.691  and  3.381  oz.)  to  run 
out,  shall  be  ascertained  by  using  a  stop-watch.  The  results  thus 
obtained  shall  be  checked  a  number  of  times.  The  time  required 
for  50  cu.  cm.  (1.691  oz.)  of  water  should  be  about  11  sec,  and  for 
100  cu.  cm.  (3.381  oz.)  about  22.8  sec. 

Bituminous  materials  shall  be  tested  in  the  same  manner  as  water, 
and  the  temperature  at  which  the  test  is  made  shall  be  controlled 
by  the  bath.  The  material  shall  be  brought  to  the  desired  tempera- 
ture and  maintained  there  for  at  least  3  min.  before  making  the  test. 
The  results  are  expressed  as  specific  viscosity  compared  with  water  at 
25°  cent.  (77°  Fahr.),  as  follows: 

Specific  viscosity  at degrees  centigrade  for cu.  cm. 

second  for  passage  of  given  volume  at degrees  centigrade 

seconds  for  passage  of  same  volume  of  water  at  25°  cent.  (77°  Fahr.)* 

Float  Test. 

The  float  apparatus  consists  of  two  parts,  an  aluminum  float  or 
saucer  and  a  conical  brass  collar.  The  two  parts  are  made  separately, 
so  that  one  float  may  be  used  with  a  number  of  brass  collars. 
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■^  In  making  the  test,  the  brass  collar  shall  be  placed  with  the  small 
end  down  on  the  brass  plate,  which  shall  have  been  previously  amal- 
gamated with  mercury  by  rubbing  it  first  with  a  dilute  solution  of 
mercuric  chloride  or  nitrate  and  then  with  mercury.  A  small  quan- 
tity of  the  material  to  be  tested  shall  be  heated  in  the  metal  spoon 
until  quite  fluid,  with  care  that  it  shall  suffer  no  appreciable  loss 
by  volatilization  and  that  it  shall  be  kept  free  from  air  bubbles.  It 
shall  then  be  poured  into  the  collar  in  a  thin  stream  until  slightly 
more  than  level  with  the  top.  After  the  material  has  cooled  to  room 
temperature,  the  sui-plus  may  be  removed  with  a  spatula  blade  which 
has  been  slightly  heated.  The  collar  and  plate  shall  then  be  placed 
in  one  of  the  tin  cups  containing  ice  water  maintained  at  5°  cent. 
(41°  Fahr.),  and  left  in  this  bath  for  15  min.  Meanwhile,  the  other 
cup  shall  be  filled  about  three-fourths  full  of  water  and  placed  on 
the  tripod,  and  the  water  shall  be  heated  to  any  temperature  desired 
for  the  test.  This  temperature  shall  be  accurately  maintained,  and 
shall  at  no  time  throughout  the  entire  test  be  allowed  to  vary  more 
than  0.5°  cent.  (0.9°  Fahr.)  from  the  temperature  selected.  After  the 
material  to  be  tested  has  been  kept  in  the  ice  water  for  15  min.,  the 
collar  and  contents  shall  be  removed  from  the  plate  and  screwed 
into  the  aluminum  float,  which  shall  then  be  immediately  floated  in 
the  warmed  bath.  As  the  plug  of  bituminous  material  becomes  warm 
and  fluid,  it  is  gradually  forced  upward  and  out  of  the  collar,  until 
water  gains  entrance  to  the  saucer  and  causes  it  to  sink. 

The  time,  in  seconds,  between  placing  the  apparatus  on  the  water 
and  when  the  float  sinks  shall  be  taken  as  a  measure  of  the  consistency 
of  the  material  under  examination. 

Penetration  Test.* 

Apparatus. — The  container  for  holding  the  material  to  be  tested 
shall  be  a  flat-bottomed,  cylindrical  dish,  55  mm.  (2^^^  in.)  in  diameter 
and  35  mm.  (If  in.)  deep.*  The  needle  for  this  test  shall  be  a  cylin- 
drical steel  rod  50.8  mm.  (2  in.)  long  and  having  a  diameter  of  1.016 
mm.  (0.04  in.)  and  turned  on  one  end  to  a  sharp  point  having  a 
6.35-mm.  (i-in.)  taper.  The  water  bath  shall  be  maintained  at  a 
temperature  not  vai'ying  more  than  0.1°  cent.  (0.18°  Fahr.)  from 
25°  cent.  (77°  Fahr.).  The  volume  of  water  shall  be  not  less  than 
10  liters,  and  the  sample  shall  be  immersed  to  a  depth  of  not  less  than 
10  cm.  (4  in.)  and  shall  be  supported  on  a  perforated  shelf  not  less 
than  5  cm.  (2  in.)  from  the  bottom  of  the  bath.  Any  apparatus  which 
will  allow  the  needle  to  penetrate  without  appreciable  friction,  and 
which  is  accurately  calibrated  to  yield  results  in  accordance  with  the 
definition  of  penetration,  will  be  acceptable.  The  transfer  dish  for 
the  coiitainer  shall  be  a  small  dish  or  tray  of  such  capacity  as  will 

*  Adopted  in  1916  by  the  Am.  Soc.  for  Testing  Materials. 
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insure  complete  immersion  of  the  container  during  the  test.  It  shall 
be  provided  with  some  means  which  will  insure  a  firm  bearing  and 
prevent  rocking  of  the  container. 

Preparation  of  Sample. — The  sample  shall  be  completely  melted  at 
the  lowest  possible  temperature,  and  stirred  th9roughly  until  it  is 
homogeneous  and  free  from  air  bubbles.  It  shall  then  be  poured 
into  the  sample  container  to  a  depth  of  not  less  than  15  mm.  (§  in.). 
The  sample  shall  be  protected  from  dust  and  allowed  to  cool  in  an 
atmosphere  not  lower  than  18°  cent.  (65°  Fahr.)  for  1  hour.  It  shall 
then  be  placed  in  the  water  bath  along  with  the  transfer  dish  and 
allowed  to  remain  1  hour. 

Testing. — In  making  the  test,  the  sample  shall  be  placed  in  the 
transfer  dish,  filled  with  water  from  the  water  bath  of  sufficient  depth 
to  cover  the  container  completely.  The  transfer  dish  containing  the 
sample  shall  then  be  placed  on  the  stand  of  the  penetration  machine. 
The  needle,  loaded  with  specified  weight  (See  Report  Form  for  Asphalt 
Cement,  Appendix  A),  shall  be  adjusted  to  make  contact  with  the 
surface  of  the  sample.  This  may  be  accomplished  by  making  contact 
of  the  actual  needle  point  with  its  image  reflected  by  the  surface  of 
the  sample  from  a  properly  placed  source  of  light.  Either  the  reading 
of  the  dial  shall  then  be  noted  or  the  needle  brought  to  zero.  The 
needle  is  then  released  for  the  specified  period  of  time,  after  which  the 
penetration  machine  is  adjusted  to  measure  the  distance  penetrated. 
At  least  three  tests  shall  be  made  at  points  on  the  surface  of  the 
sample  not  less  than  1  cm.  (|  in.)  from  the  side  of  the  container  and 
not  less  than  1  cm.  (|  in.)  apart.  After  each  test  the  sample  and 
transfer  dish  shall  be  returned  to  the  water  bath,  and  the  needle 
shall  be  carefully  wiped  toward  its  point  with  a  clean,  dry  cloth,  to 
remove  all  adhering  bitumem.  The  reported  penetration  shall  be  the 
average  of  at  least  three  tests  the  values  of  which  shall  not  differ 
more  than  four  points  between  maximum  and  minimum.  When 
desirable  to  vary  the  temperature,  time,  and  weight  (See  Report  Form 
for  Asphalt  Cement,  Appendix  A),  and,  in  order  to  provide  for  a 
uniform  method  of  reporting  results  when  variations  are  made,  the 
samples  shall  be  melted  and  cooled  in  air  as  above  directed.  They 
shall  then  be  immersed  in  water  or  brine,  as  the  case  may  require, 
for  1  hour  at  the  temperature  desired. 

Melting  Point. 

Cube  Method  for  Tar  Cements. 

The  material  under  examination  shall  be  first  melted  in  a  spoon 
by  the  gentle  application  of  heat  until  sufficiently  fluid  to  pour  readily. 
Care  shall  be  taken  that  it  suffers  no  appreciable  loss  by  volatilization. 
It  shall  then  be  poured  into  a  12.7  mm.  (0.5-in.)  brass  cubical  mould, 
which  shall  have  been  amalgamated  with  mercury,  and  shall  be  placed 
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on  an  amalgamated  brass  plate.  The  brass  may  be  amalgamated  by 
washing  it  first  with  a  dilute  solution  of  mercuric  chloride  or  nitrate, 
after  which  the  mercury  is  rubbed  into  the  surface.  By  this  means 
the  bituminous  material  is,  to  a  considerable  extent,  prevented  from 
sticking  to  the  sides  of  the  mould.  The  hot  material  shall  slightly 
more  than  fill  the  mould,  and,  when  cooled,  the  excess  shall  be  cut 
off  with  a  hot  spatula. 

After  cooling  to  room  temperature,  the  cube  shall  be  removed  from 
the  mould  and  fastened  on  the  lower  arm  of  a  No.  10  wire  (B.  &  S. 
gauge),  bent  at  right  angles  at  one  end  and  suspended  beside  a 
thermometer  in  a  covered  Jena  glass  beaker  having  a  capacity  of  400 
cu.  cm.  (13.526  oz.),  which  shall  be  placed  in  a  water  bath,  or,  for 
high  temperatures,  a  cottonseed-oil  bath.  The  wire  shall  be  passed 
through  the  center  of  two  opposite  faces  of  the  cube,  which  shall  then 
be  suspended  with  its  base  25.4  mm.  (1  in.)  above  the  bottom  of 
the  beaker.  The  water  or  oil  bath  shall  consist  of  an  800-cu.  cm. 
(27.051-oz.)  low-form  Jena  glass  beaker,  suitably  mounted  for  the 
application  of  heat  from  below.  The  beaker  in  which  the  cube  is 
suspended  shall  be  of  the  tall-form  Jena  type,  without  lip.  The  metal 
cover  shall  have  two  openings.  A  cork,  through  which  passes  the  long 
arm  of  the  wire,  shall  be  inserted  in  one  hole  and  the  thermometer  in 
the  other.  The  bulb  of  the  thermometer  shall  be  just  level  with  the 
cube  and  at  an  equal  distance  from  the  side  of  the  beaker.  In  order 
that  a  reading  of  the  thermometer  may  be  made,  if  necessary,  at  the 
point  which  passes  through  the  cover,  the  hole  shall  be  triangular  and 
covered  with  an  ordinary  object  glass  through  which  the  stem  of  the 
thermometer  may  be  seen.  Readings  made  through  this  glass  shall  be 
calibrated  to  the  angle  of  observation,  which  may  be  made  constant  by 
sighting  always  from  the  front  edge  of  the  opening  to  any  given  point 
on  the  stem  of  the  thermometer  below  the  cover. 

After  the  test  specimen  shall  have  been  placed  in  the  apparatus, 
the  liquid  in  the  outer  vessel  shall  be  heated  in  such  a  manner  that  the 
thermometer  registers  an  increase  of  5°  cent.  (9°  Fahr.)  per  min.  The 
temperature  at  which  the  bituminous  material  touches  a  piece  of  paper 
placed  in  the  bottom  of  the  beaker  shall  be  taken  as  the  melting  point. 
Determinations  made  in  the  manner  described  shall  not  vary  more 
than  2°  cent.  (3.6°  Fahr.)  for  successive  trials  on  the  same  material. 
At  the  beginning  of  this  test  the  temperature  of  both  bituminous 
material  and  bath  shall  be  approximately  at  25°   cent.    (77°   Fahr.). 

Ring  and  Ball  Method  for  Asphalt   Cements.* 

The  apparatus  shall  consist  of  a  brass  ring,  15.875  mm.  (§  in.) 
in  diameter,  6.35  mm.   (j  in.)   deep,  2.38125  mm.   (^\   in.)  wide,  sus- 

*  Proposed  in  1916  by  Committee  D— i,  "Standard  Tests  for  Road  Materials",  of 
the  Am.  Soc.  for  Testing  Materials?. 
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pended  25.40  mm.  (1  in.)  above  bottom  of  a  beaker;  a  steel  ball,  9.525 
mm.  (§  in.)  in  diameter,  weighing  between  3.45  and  3.50  grammes;  a 
standardized  thermometer;  a  glass  beaker,  approximately  600-cc. 
capacity. 

Carefully  melt  the  sample  and  fill  the  ring  with  material  to  be 
tested.  Remove  any  excess.  Place  ball  in  center  of  ring  and  suspend 
in  beaker  containing  approximately  400  cc.  of  water  at  a  temperature 
of  5°  cent.  (41°  Fahr.).  Arrange  thermometer  bulb  within  ^  in.  of 
sample  and  at  same  level.  Apply  heat  uniformly  over  bottom  of  beaker 
in  quantity  sufficient  to  raise  temperature  5°  cent.  (9°  Fahr.)  per 
min.  Record  temperature  at  starting  test  and  every  minute  thereafter 
until  test  is  completed.  The  rate  of  heating  is  very  important. 
Softening  point  is  temperature  at  w^iich  specimen  has  dropped  1  in. 
Successive  tests  should  average  within  3°  cent.  For  temperatures 
above  95°  cent.,  glycerine  shall  be  used  instead  of  water. 

Loss  ON  Evaporation.* 

The  amount  lost  by  oils  and  asphaltic  compounds  when  they  are 
heated  in  an  oven  at  a  temperature  of  163°  cent.  (325°  Fahr.)  plus 
or  minus  1°  cent.  (2°  Fahr.)  shall  be  determined  by  heating  50 
grammes  of  the  water-free  substance  contained  in  a  flat-bottomed 
dish,  the  inside  dimensions  of  which  are  approximately  2fV  i^i-  i^i 
diameter  and  If  in.  deep  (3-oz.  Gill  style  ointment  box,  deep  style) 
for  5  hours.  The  oven  in  which  the  substance  is  heated  shall  be 
brought  to  the  prescribed  temperature  before  the  sample  is  introduced, 
and  the  temperature  of  the  sample  under  test  shall  be  regarded  as  that 
of  a  similar  quantity  of  the  same  material  immediately  adjoining  it  in 
the  oven,  in  which  the  bulb  of  a  standardized  thermometer  is  immersed. 
The  oven  may  be  either  of  circular  or  rectangular  form,  and  the 
source  of  heat  either  gas  or  electricity.  The  samples  under  test  shall 
rest  in  the  same  relative  position  in  a  single  row  on  a  perforated  cir- 
cular shelf,  9|  in.  in  diameter,  suspended  by  a  vertical  shaft  midway 
in  the  oven,  which  is  revolved  by  mechanical  means  at  the  rate  of 
from  5  to  6  rev.  per  min.  (Note. — If  additional  periods  of  heating 
are  desired,  it  is  recommended  that  they  be  made  in  successive  incre- 
ments of  5  hours  each.)  If  the  residue  after  heating  is  to  be  tested 
for  penetration,  the  sample  should  be  thoroughly  mixed  bj'^  stirring 
until  it  is  cool,  and  thereafter  manipulated  in  accordance  with  the 
directions  of  the  standard  test  for  penetration  of  bituminous  materials. 

Distillation.* 

Note. — Equivalents  in  English  units  have  been  added  by  the 
Special  Committee  on  Materials  for  Road  Construction. 

*  Adopted  in  1916  by  the  Am.  Soc.  for  Testing  Materials. 
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Sampling. — The  sample  as  received  shall  be  thoroughly  stirred  and 
agitated,  warming,  if  necessary,  to  insure  a  complete  mixture  before 
the  portion  for  analysis  is  removed. 

Dehydration. — If  the  presence  of  water  is  suspected,  or  known,  the 
material  shall  be  dehydrated  before  distillation.  About  500  cu.  cm. 
(16.907  oz.)  of  the  material  is  placed  in  an  800-cu.  cm.  (27.051-oz.) 
copper  still  provided  with  a  distilling  head  connected  with  a  water- 
cooled  condenser.  A  ring  burner  is  used,  starting  with  a  small  flame 
at  the  top  of  the  still,  and  gradually  lowering  it,  if  necessary,  until 
all  the  water  has  been  driven  off.  The  distillate  is  collected  in  a 
200-cu.  cm.  separatory  funnel  with  the  tube  cut  off  close  to  the  stop- 
cock. When  all  the  water  has  been  driven  over  and  the  distillate  has 
settled  out,  the  water  is  drawn  off  and  the  oils  are  returned  to  the 
residue  in  the  still.  The  contents  of  the  still  shall  have  cooled  to 
below  100°  cent.  (212°  Fahr.)  before  the  oils  are  returned,  and  they 
shall  be  well  stirred  and  mixed  with  the  residue. 

Apparatus. — The  apparatus  shall  consist  of  the  following  standard 
parts : 

(a)  Flash. — The  distillation  flask  shall  be  a  250-cu.  cm.  Engler 
distilling  flask,  having  the  following  dimensions: 

Diameter   of  bulb 8.0  cm.   (3.150  in 

Length  of  neck 15.0     "     (5.906" 

Diameter  of  neck 1.7     "     (0.670" 

Surface  of  material  to  lower  side  of  tubulature.  11.0     "     (4.331    " 

Length   of   tubulature 15.0     "     (5.906    " 

Diameter    of   tubulature 0.9     "     (0.354    " 

Angle    of   tubulature 75° 

A  variation  of  3%  from  the  foregoing  measurements  will  be 
allowed. 

(6)  Thermometer. — The  thermometer  shall  conform  to  the  following 
requirements : 

It  shall  be  made  of  thermometric  glass  of  a  quality  equivalent  to 
suitable  grades  of  Jena  or  Corning  make.  It  shall  be  thoroughly  an- 
nealed. It  shall  be  filled  above  the  mercury  with  inert  gas  which  will 
not  act  chemically  on  or  contaminate  the  mercury.  The  pressure  of  the 
gas  shall  be  sufficient  to  prevent  separation  of  the  mercury  column  at 
all  temperatures  of  the  scale.  There  shall  be  a  reservoir  above  the 
final  graduation  large  enough  so  that  the  pressure  will  not  become  ex- 
cessive at  the  highest  temperature.  The  thermometer  shall  be  finished 
at  the  top  with  a  small  glass  ring  or  button  suitable  for  attaching  a  tag. 
Each  thermometer  shall  have  for  identification  the  maker's  name,  a 
serial  number,  and  the  letters  "A.  S.  T.  M.  Distillation." 

The  thermometer  shall  be  graduated  from  0  to  400°  cent,  at  inter- 
vals of  1°  cent.     Every  fifth  graduation  shall  be  longer  than  the  inter- 
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mediate  ones,  and  every  tenth  graduation  beginning  at  zero  shall  be 
numbered. .  The  graduation  marks  and  numbers  shall  be  clear-cut  and 
distinct. 

The  thermometer  shall  conform  to  the  following  dimensions: 

Total  length,  maximum 385  mm. 

Diameter  of  stem 7     "   ;  permissible  variation,  0.5  mm. 

Diameter  of  bulb,  minimum.  .  5     "   ;  and  shall  not  exceed  diameter 

of  stem. 

Length  of  bulb 12.5     "      permissible  variation,  2.5  mm. 

Distance  from  0°  to  bottom  of 

bulb    30     "   ;             "                "           5       " 

Distance  from  0°   to  400° ...  295     "   ;             "                "         10       " 

The  accuracy  of  the  thermometer  v?hen  delivered  to  the  purchaser 
shall  be  such  that  when  tested  at  full  immersion  the  maximum  error 
from  0  to  200°  cent,  shall  not  exceed  the  following: 

From         0  to  200°  cent 0.5°  cent. 

"         200    "  300°  cent 1.0°  cent. 

"         300    "  375°  cent 1.5°  cent. 

The  sensitiveness  of  the  thermometer  shall  be  such  that  when 
cooled  to  a  temperature  of  74°  cent,  below  the  boiling  point  of  water 
at  the  barometric  pressure,  at  the  time  of  test,  and  plunged  into  free 
flow  of  steam,  the  meniscus  shall  pass  the  point  10°  cent,  below  the 
boiling  point  of  water  in  not  more  than  6  sec. 

The  thermometer  shall  be  set  up  as  for  the  distillation  test,  using 
water,  naphthalene,  and  benzophenone  as  distilling  liquids.  The  cor- 
rectness of  the  thermometer  shall  be  checked  at  0  and  100°  cent,  after 
each  third  distillation  until  seasoned. 

(c)  Condenser. — The  condenser  tube  shall  have  the  following 
dimensions : 

Length   500  mm.   (19.685  in.) 

Width  12  to     15      "      (0.472  to  0.591  in.) 

Width  of  adaptor  end... .20    "     25      "      (0.787    "  0.984    "  ) 

(d)  Stands. — Two  iron  stands  shall  be  provided,  one  with  a  uni- 
versal clamp  for  holding  the  condenser,  and  one  with  a  light  grip  arm 
with  a  cork-lined  clamp  for  holding  the  flask. 

(e)  Burner  and  Shield. — A  Bunsen  burner  shall  be  provided,  with  a 
tin  shield,  20  cm.  (7.784  in.)  long  and  9  cm.  (3.543  in.)  in  diameter. 
The  shield  shall  have  a  small  hole  through  which  to  observe  the  flame. 

(/)  Cylinders. — The  cylinders  \ised  in  collecting  the  distillate  shall 
have  a  capacity  of  25  cu.  cm.  (0.845  oz.),  and  shall  be  graduated  in 
tenths  of  a  cubic  centimeter. 
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Setting  up  the  Apparatus. — The  apparatus  shall  be  set  up,  the 
thermometers  being  placed  so  that  the  top  of  the  bulb  is  opposite  the 
middle  of  the  tubulature.     All  connections  shall  be  tight. 

Method. — One  hundred  cubic  centimeters  (3.381  oz.)  of  the  dehy- 
drated material  to  be  tested  shall  be  placed  in  a  tared  flask  and  weighed. 
After  adjusting  the  thermometer,  shield,  condenser,  etc.,  the  distillation 
is  commenced,  the  rate  being  regulated  so  that  1  cu.  cm.  (0.034  oz.) 
passes  over  every  minute.  The  receiver  is  changed  as  the  mercui-y 
column  just  passes  the  fractionating  point. 


Up 

to 

110° 

cent. 

(230°  Fahr.) 

110°  cent. 

u 

170° 

u 

(338°   "   ) 

170°  cent. 

a 

235° 

u 

(455°   "   ) 

235°  cent. 

a 

270° 

u 

(518°   "   ) 

270°  cent. 

u 

300° 

it 

(572°   "   ) 

To  determine  the  quantity  of  residue,  the  flask  is  weighed  again 
when  distillation  is  complete.  During  the  distillation  the  condenser 
tube  shall  be  warmed  when  necessary,  in  order  to  prevent  the  deposi- 
tion of  any  sublimate.  The  percentages  of  fraction  should  be  reported, 
both  by  weight  and  by  volume. 

Ductility. 

A  briquette  of  the  material  to  be  tested  shall  be  formed  by  pou^-ing 
the  molten  material  into  a  briquette  mould.  The  dimensions  of  the 
briquette  shall  be:  1  cm.  (0.394  in.)  in  thickness  throughout  its  entire 
length;  distance  between  the  clips  or  end  pieces,  3  cm.  (1.181  in.); 
width  of  asphalt  cement  section  at  mouth  of  clips,  2  cm.  (0.787  in.) ; 
width  at  minimum  cross-section,  half  way  between  clips,  1  cm.  (0.394 
in.).  The  center  pieces  are  removable,  the  briquette  mould  being  held 
together  during  moulding  with  a  clamp  or  wire. 

The  moulding  of  the  briquette  shall  be  done  as  follows:  The  two 
center  sections  shall  be  well  amalgamated  to  prevent  the  asphalt  cement 
from  adhering  to  them,  and  the  briquette  mould  shall  then  be  placed 
on  a  freshly  amalgamated  brass  plate.  The  asphalt  cement  to  be 
tested,  while  in  a  molten  state,  shall  be  poured  into  the  mould,  a  slight 
excess  being  added  to  allow  for  shrinkage  on  cooling.  When  the  asphalt 
cement  in  the  mould  is  nearly  cool,  the  briquette  shall  be  cut  off  level, 
with  a  warm  knife  or  spatula.  When  it  is  thoroughly  cooled  to  the 
temperature  at  which  it  is  desired  to  make  the  test,  the  clamp  and 
the  two  side  pieces  are  removed,  leaving  the  briquette  of  asphalt  cement 
held  at  each  end  by  the  ends  of  the  mould,  which  now  play  the  part 
of  clips.  The  briquette  shall  be  kept  in  water  for  30  min.  at  4°  cent. 
(39°  Fahr.)  or  25°  cent.  (77°  Fahr.)  before  testing,  dependent  on  the 
temperature  at  which  the  ductility  is  desired.  The  briquette  with  the 
clips  attached  shall  then  be  placed  in  a  "ductility  test  machine"  filled 
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with  water  at  one  of  the  above  temperatures  to  a  sufficient  height  to 
cover  the  briquette  not  less  than  50  mm.  (1.969  in.).  This  machine 
consists  of  a  rectangular  water-tight  box,  having  a  movable  block  work- 
ing on  a  worm-gear  from  left  to  right.  The  left  clip  is  held  rigid  by 
placing  its  ring  over  a  short  metal  peg  provided  for  this  purpose;  the 
right  clip  is  placed  over  a  similar  rigid  peg  on  the  movable  block.  The 
movable  block  is  provided  with  a  pointer  which  moves  along  a  centi- 
meter scale.  Before  starting  the  test,  the  centimeter  scale  is  adjusted 
to  the  pointer  at  zero.  Power  is  then  applied  by  the  worm-gear  pulling 
from  left  to  right  at  the  uniform  rate  of  5  cm.  (1.969  in.)  per  min. 
The  distance,  in  centimeters,  registered  by  the  pointer  on  the  scale  at 
the  time  of  rupture  of  the  thread  of  asphalt  cement  shall  be  taken  as 
the  ductility  of  the  asphalt  cement. 

Solubility  in  Petroleum  Naphtha. 

Two  grammes  of  the  material  shall  be  placed  in  a  4-oz.  oil-sample 
bottle,  made  up  to  100  cu.  cm.  (3.381  oz.)  with  88°  Baume  petroleum 
naphtha  (boiling  point  between  40°  cent.  (104°  Fahr.)  and  55°  cent. 
(131°  Fahr.)),  and  the  whole  well  shaken  until  the  sample  is  digested. 
The  bottle  shall  then  be  centrifugalized  for  10  min.,  50  cu.  cm.  (1.691 
oz.)  withdrawn  into  a  weighed  flask,  the  naphtha  distilled  off  by  a 
water  bath,  and  the  residue  weighed.  From  this  weight  the  percentage 
of  solubility  shall  be  calculated. 

Fixed  Carbon. 

One  gramme  of  the  bituminous  material  shall  be  placed  in  a 
platinum  crucible,  weighing  between  20  and  30  grammes,  between  28 
and  38  mm.  (1.102  and  1.496  in.)  in  height,  and  having  a  tightly 
fitting  cover  provided  with  a  flange,  about  4  mm.  (0.157  in.)  in  depth. 
The  crucible  and  its  contents  shall  then  be  heated,  first  gently  and 
then  more  severely,  until  no  smoke  or  flame  shall  issue  between  the 
crucible  and  the  lid.  It  shall  then  be  placed  in  the  full  flame  of  a 
Bunsen  burner  for  7  min.,  holding  the  cover  down  with  the  end  of  a 
pair  of  tongs  until  the  most  volatile  products  shall  have  been  burned 
off.  The  crucible  shall  be  supported  on  a  platinum  triangle  with  the 
bottom  from  6  to  8  cm.  (2.362  to  3.150  in.)  above  the  top  of  the  burner. 
The  flame  shall  be  fully  20  cm.  (7.874  in.)  high  when  burning  free, 
and  the  determination  shall  be  made  in  a  place  free  from  drafts.  The 
upper  surface  of  the  cover  shall  burn  clear,  but  the  under  surface 
may  or  may  not  be  covered  with  carbon,  dependent  on  the  character  of 
the  bituminous  material.  The  crucible  shall  be  removed  to  the  desicca- 
tor, and,  when  cool,  shall  be  weighed,  after  which  the  cover  shall  be 
removed  and  the  crucible  placed  in  an  inclined  position  over  the 
Bunsen  burner  and  ignited  until  nothing  but  ash  remains.  Any  carbon 
deposited  on  the  cover  shall  also  be  burned  off.     The  weight  of  ash 
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remaining  shall  be  deducted  from  the  weight  of  the  residue  after  the 
first  ignition  of  the  sample.  The  resulting  weight  is  that  of  the  fixed 
carbon,  which  shall  be  calculated  on  the  basis  of  the  total  weight  of  the 
sample,  exclusive  of  mineral  matter. 

Paraffin. 

One  hundred  grammes  of  the  material  shall  be  distilled  rapidly  in 
a  retort  to  a  dry  coke.  Five  grammes  of  the  distillate  shall  then  be 
thoroughly  mixed  in  a  60-cu.  cm.  (2.029-oz.)  flask  with  25  cu.  cm. 
(0.845  oz.)  of  Squibbs'  absolute  ether.  Twenty-five  cu.  cm.  (0.845  oz.) 
of  Squibbs'  absolute  alcohol  shall  then  be  added,  and  the  flask  packed 
closely  in  a  freezing  mixture  of  finely  crushed  ice  and  salt  for  at 
least  30  min.  The  precipitate  shall  be  filtered  out  quickly  with  a 
suction  pump,  using  a  No.  575  C.  S.  and  S.  9-cm.  hardened  filter  paper. 
The  flask  and  precipitate  shall  then  be  rinsed  and  washed  with  a  mix- 
ture of  equal  parts  of  Squibbs'  alcohol  and  ether  cooled  to  —  17°  cent. 
(1°  Fahr.)  until  free  from  oil  (50  cu.  cm.  (1.691  oz.)  of  washing 
solution  is  usually  sufficient).  When  sucked  dry,  the  filter  paper  shall 
be  removed  and  the  waxy  precipitate  transferred  to  a  small  glass  disk 
and  evaporated  on  a  steam  bath.  The  residue  (paraffin)  remaining  on 
the  disk  shall  be  weighed,  and  from  this  weight  the  percentage  on  the 
original  5-gramme  sample  shall  be  calculated. 

Specific  Gravity  at  38°  Cent,  of  Wood  Block  Preservative.* 
A  standardized  hydrometer  shall  be  used.  A  set  of  two  with  ranges 
1.00  to  1.08,  and  1.07  to  1.15  will  suffice.  Before  taking  the  specific  grav- 
ity, the  oil  in  the  cylinder  should  be  stirred  thoroughly  with  a  glass  rod, 
and  this  rod  when  withdra\\Ti  from  the  liqiiid  should  show  no  solid 
particles  at  the  instant  of  withdrawal.  Care  should  be  taken  that  the 
hydrometer  does  not  touch  the  sides  or  bottom  of  the  cylinder  when 
the  reading  is  taken,  and  that  the  oil  surface  is  free  from  froth  and 
bubbles.  If  the  specific  gravity  is  determined  at  a  higher  temperature 
than  desired,  correction  should  be  made  by  adding  0.0008  to  the  reading 
for  each  degree  centigrade  excess  of  temperature. 

Solubility  in  Benzol  or  Chloroform  of  Wood  Block  Preservative. 
From  5  to  10  grammes  of  the  water-free  oil  is  weighed  out  into  a 
weighed  100-c.c.  (3.38-oz.)  beaker;  50  c.c.  (1.69  oz.)  of  the  solvent  is 
added,  and  the  solution  is  passed  through  a  weighted  9-cm.,  C.  S.  and 
S.,  No.  575  filter  paper  in  a  short-stemmed  funnel,  the  filtrate  being 
passed  into  the  flask  to  be  subsequenth'  used  for  the  hot  extraction.  The 
beaker  is  washed  clean  from  all  soluble  matter,  dried,  and  weighed. 
The  funnel,  with  filter  paper  and  contents,  is  then  placed  in  a  N.  Y. 
T.  L.  or  Underwriter's  form  of  glass  extraction  apparatus,  and  heat 

*  Modification    of    method    proposed    in    1915    by    Committee   D-7    on    "Standard 
Specifications  for  Timber",  of  the  Am.  Soc.  for  Testing  Materials. 
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is  applied  from  a  water-bath  or  hot  plate  until  the  extraction  is  com- 
plete and  the  filtrate  runs  through  colorless.  The  filter  and  contents 
are  then  dried  and  weighed.  The  increase  in  weight  is  added  to  the 
increase  in  weight  of  the  beaker,  if  any,  the  result  being  the  weight 
of  the  insoluble  matter.  The  weight  of  the  insoluble  matter  thus 
found  is  subtracted  from  the  weight  of  the  material  taken  for  analysis. 
The  difference  in  weight  is  the  weight  of  the  soluble  matter,  from 
which  the  percentage  is  calculated. 

Water  Content  of  Wood  Block  Preservative. 

From  250  to  300"  c.c.  (8.45  to  10.14  oz.)  of  the  oil  is  weighed  out 
into  a  500-c.c.  glass  retort,  or  into  a  small  copper  still,  provided 
with  a  distilling  head.  Heat  is  applied  with  a  ring  burner,  starting 
with  a  small  flame  at  the  top  of  the  still,  and  gradually  lowering  it 
until  all  the  water  has  been  driven  off.  The  distillate  of  oil  and  water 
is  collected  in  a  graduated  separatory  funnel,  the  volume  of  water,  in 
cubic  centimeters,  is  read,  and  its  percentage  computed  by  volume.  The 
water  is  then  drawn  off  and  the  oils  are  returned  to  the  residue  in  the 
still.  The  contents  of  the  still  shall  have  cooled  to  below"  100°  cent. 
(212°  Fahr.)  before  the  oils  are  returned,  and  they  shall  be  well  stirred 
and  mixed  with  the  residue. 

Distillation  Test  for  Wood  Block  Preservative.* 

Apparatus  for  Distillation  Test.  '* 

Retort. — This  shall  be  a  tabulated  Jena  glass  retort  of  the  usual 
form,  with  a  capacity  of  250  to  290  c.c.  (8.45  to  9.8  oz.).  The  capacity 
shall  be  measured  by  placing  the  retort  with  the  bottom  of  the  bulb 
and  the  end  of  the  offtake  in  the  same  horizontal  plane,  and  pouring 
water  into  the  bulb  through  the  tubulature  until  it  overflows  the  offtake. 
The  quantity  remaining  in  the  bulb  shall  be  considered  as  its  capacity. 

Shield. — An  asbestos  shield  shall  be  used  to  protect  the  retort  from 
air  currents  and  to  prevent  radiation.  This  may  be  covered  with  gal- 
vanized iron,  as  such  an  arrangement  is  more  convenient  and  more 
permanent. 

Receivers. — Erlenmeyer  flasks  of  from  50  to  100  c.c.  capacity  are  of 
the  most  convenient  form. 

Thermometer. — The  thermometer  shall  be  of  glass,  well  annealed, 
and  shall  undergo  no  serious  change  at  the  zero  point  when  heated 
up  to  400°  cent.  The  space  above  the  mercury  column  shall  be  filled 
with  gas,  either  carbon  dioxide  or  nitrogen,  and  the  thermometer  shall 
have  an  expansion  chamber  at  the  top.  The  scale  shall  read  from 
0  to  400°  cent.,  in  graduations  of  1°  cent.,  which  shall  be  etched  on 
the   stem.     The  tip   of   the   thermometer   shall   carry   a   ring  for  the 

*  Modification    of    method    proposed    in    1915    by    Committee    D-7    on    "Standard 
Specifications  for  Timber",  of  the  Am.  Soc.  for  Testing  Materials. 
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purpose  of  attaching  tags.     The  thermometer  shall  have  the  following 
dimensions : 

Total  length,  375  mm. ;  tolerance,  10  mm. 

Bu]b  length,  14  mm. ;  tolerance,  1  mm. 

Distance  from  zero  mark  to  bottom  of  bulb,  30  mm. ;  tolerance,  4  mm. 

Scale  length  from  zero  mark  to  400°  cent.,  295  mm.;  tolerance,  5  mm. 

Diameter  of  stem,  7  mm. ;  tolerance,  1  mm. 

Diameter  of  bulb,  6  mm. ;  tolerance,  1  mm. 

When  standardized,  the  accuracy  of  such  standardization  should  be 
as  follows: 

Up  to  200°  cent to  the  nearest  0.5°  cent. 

200  to  300°     "    "     "  "         1.0°     " 

300  to  360°     "    "     "  "         1.5°     " 

Assembling  for  Distillation  Test. 

The  retort  shall  be  supported  on  a  tripod  or  rings  over  two  slieets 
of  20-mesh-  gauge,  15.24  cm.  (6  in.)  square.  It  shall  be  connected  to 
the  condenser  tube  by  a  tight  cork  joint.  The  thermometer  shall  be 
inserted  through  a  cork  in  the  tubulature,  with  the  bottom  of  the 
bulb  1.27  cm.  (J  in.)  from  the  surface  of  the  oil  in  the  retort.  The 
exact  location  of  the  thermometer  bulb  shall  be  determined  by  plncing 
a  vertical  rule,  graduated  in  divisions  not  exceeding  0.16  cm.  (-^^  in.), 
back  of  the  retort  when  the  latter  is  in  position  for  the  test,  and 
sighting  the  level  of  the  liquid  and  the  point  for  the  bottom  of  the 
thermometer  bulb.  The  distance  from  the  bulb  of  the  thermometer 
to  the  outlet  end  of  the  condenser  tube  shall  be  not  more  than  60.96  cm. 
(24  in.)  nor  less  than  50.8  cm.  (20  in.).  The  burner  should  be  pro- 
tected from  drafts  by  a  suitable  shield  or  chimney. 

Distillation  Test. 

Exactly  100  grammes  of  oil  shall  be  weighed  into  the  retort,  the 
apparatus  shall  be  assembled,  and  heat  applied.  The  distillation  shall 
be  conducted  at  the  rate  of  at  least  one  drop,  and  not  more  than  two 
drops,  per  second,  and  the  distillate  collected  in  weighed  receivers. 
The  condenser  tube  shall  be  warmed  whenever  necessary,  to  prevent 
accumulation  of  solid  distillates.  Fractions  shall  be  collected  at  the 
following  points : 

Up  to  170°  cent.  (338°  Fahr.),  170-200°  cent.  (338-392°  Fahr.), 
200-210°  cent.  (392-410°  Fahr.),  210-235°  cent.  (410-455°  Fahr.),  235- 
270°  cent.  (455-518°  Fahr.),  270-300°  cent.  (518-572°  Fahr.),  300-315° 
cent.  (572-599°  Fahr.),  315-355°  cent.  (599-671°  Fahr.). 

The  receivers  shall  be  changed  as  the  mercury  passes  the  dividing 
temperature  for  each  fraction.     The  last  receiver  shall  be  removed  at 
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355°  cent.  (671°  Fahr.),  and  drainage  from  the  condenser,  etc.,  shall 
not  be  considered  as  part  of  the  fraction.  For  weighing  the  receivers 
and  fractions,  a  balance  accurate  to  at  least  0.05  gramme  shall  be 
used.  During  the  progress  of  the  distillation  the  thermometer  shall 
remain  in  its  original  position.  No  correction  shall  be  made  for  the 
emergent  stem  of  the  thermometer. 

When  any  measurable  quantity  of  water  is  present  in  the  distillate, 
it  shall  be  separated  as  nearly  as  possible  and  reported  separately,  all 
results  being  calculated  on  a  basis  of  dry  oil.  When  more  than  2% 
of  water  is  present,  water-free  oil  shall  be  obtained  by  separately  dis- 
tilling a  larger  quantity,  returning  any  oil  carried  over  with  the  water, 
and  using  dried  oil  for  the  final  distillation.  A  copper  tar  still  is  a 
convenient  implement  for  obtaining  water-free  oil. 
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Gilman. 


Mr.  E.  Dow  Oilman,*  Assoc.  M.  Am.  Soc.  C.  E.  (by  letter). — Kef  erring 

to  page  1438,  on  the  subject  "Abrasion  Test  for  Broken  Stone  or 
Broken  Slag",  the  writer  notes  that  the  specifications  for  this  test  as 
adopted  in  1908  by  the  American  Society  for  Testing  Materials  have 
been  adopted  in  the  report  of  the  Committee.  These  specifications 
provide  that  the  sample  to  be  tested  shall  consist,  as  nearly  as  possible, 
of  50  pieces  of  the  broken  stone,  the  total  weight  of  which  shall  be 
within  10  grammes  of  5  kilogrammes.  Under  the  conditions  thus 
stated,  the  sample  may  consist  of  broken  stone  the  individual  pieces 
of  which  may  be  of  widely  varying  size  and  weight.  That  a  sample 
composed  of  50  pieces  of  nearly  uniform  size  will  give  different  results 
from  those  obtained  with  a  sample  composed  of  50  pieces  some  of 
which  are  small  and  others  large  would  seem  to  require  no  proof. 

Several  years  ago  the  vsrriter  made  abrasion  tests  on  a  shipment 
of  trap  rock.  An  attempt  was  made  to  check  results  by  duplicating 
the  tests  on  other  samples  taken  from  the  same  shipment.  Three 
separate  tests  were  made  on  as  many  different  samples,  each  of  which 
was  carefully  prepared  according  to  the  specifications  just  stated. 
Such  varying  results  were  secured  that  the  writer  was  not  satisfied 
to  submit  any  one  or  the  average  of  the  French  coefficients  thus  obtained. 
New  samples  were  prepared,  each  consisting  of  50  pieces  of  the  broken 
stone  and  with  the  added  specification  that  no  single  piece  should 
weigh  less  than  90  or  more  than  110  grammes,  and  that  any  piece  of 
a  shape  noticeably  different  from  the  general  shape  of  the  entire  lot 
should  be  eliminated.  The  total  weight  of  the  sample  was  within 
10  grammes  of  5  kilogrammes,  as  before.  The  results  were  remarkably 
more  consistent  than  with  the  other  samples,  and  were  so  close  together 
that,  considering  the  unavoidable  factors  in  a  test  of  this  nature, 
one  would  be  warranted  in  submitting  an  average  as  the  probable 
coefficient  of  the  material  at  hand. 

The  objection  to  this  added  clause  is  the  care  required  to  prepare 
a  sample  and  the  quantity  of  material  required  from  which  to  take 
one.  In  spite  of  this  objection,  the  writer  is  inclined  to  believe  that, 
if  results  secured  by  the  abrasion  test  have  any  practical  significance 
whatever,  the  test  must  be  worthy  of  the  slight  extra  labor  involved. 
It  seems  to  be  a  question  whether  the  operation  of  the  Deval  machine 
for  more  than  5  hours  and  the  labor  in  washing  and  drying  the  sample 
before  and  after  the  test  are  worth  the  time  and  energy,  if  the  results 
of  two  or  more  samples  of  the  same  material  are  not  reasonably  close. 
Even  with  the  utmost  care,  the  tests  for  abrasion,  hardness,  toughness, 
and   cementing  value,   give   results   that   are  rough   and   that   can   be 

*  Washington.  D.  0. 
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taken  as  no  more  than  a  preliminary  gruide  in  passing  judgment  on  Mr. 
the  usefulness  of  a  material.  With  the  limited  use  that  at  present  is 
made  of  the  results  of  these  tests,  it  would  be  unwise  to  burden  them 
with  too  many  refinements,  but  the  writer  submits  the  suggestion  here 
made  in  the  belief  that  greater  reliance  can  be  placed  on  comparative 
results  thus  obtained.  This  fact  is  apparently  acknowledged  in  the 
specifications  for  the  abrasion  test  of  gravel,  immediately  following, 
which,  under  Method  No.  2,  insures,  at  least  to  a  degree,  the  uniformity 
of  separate  samples. 

The  writer  regrets  that  the  data  secured  in  the  tests  which  he  made 
are  not  available,  so  that  by  actual  figures  he  might  show  comparisons 
of  the  methods ;  but  he  believes  that  the  point  in  question  can  be  raised 
without  these  figures,  and  that  the  matter  is  worthy  of  confirmatory 
investigation,  with  possible  modification  in  the  outline  of  the  test  at 
some  later  date. 

J.  O.  Preston,*  Jun.  Am.  Soc.  C.  E.  (by  letter). — The  Committee,  Mr. 
on  page  1386,  invites  information  on  the  subject  of  "proper  methods 
of  sampling  highway  materials."  This  work  is  usually  done  in  the 
field  by  inspectors  who  may  or  may  not  have  written  laboratory 
instructions.  The  instructions  usually  convey  to  the  inspector  a 
notion  of  the .  need  for  an  average  sample.  It  has  been  the  writer's 
experience  that  the  "average"  notion  is  much  overworked. 

Materials  that  vary  between  extreme  limits  over  the  work  are  said 
to  average  well.  This  is  especially  true  with  concrete  materials.  As 
a  result,  in  many  cases  the  variations  in  density  of  adjoining  batches 
of  concrete  cause  cracking,  due  to  irregularities  in  the  grading  of 
the  sand  and  stone,  and  the  consequent  widely  varying  coefiicient  of 
expansion.  A  composite  sample  of  an  aggregate  from  even  a  small 
area  rarely  indicates  the  actual  conditions.  If  the  average  is  uniform 
throughout  the  work,  or  if  all  the  materials  vary  but  slightly  from 
the  average,  such  a  sample  would  be  a  fair  specimen.  In  practice, 
however,  this  is  seldom  the  case. 

Experience  has  proved  the  inadequacy  of  leaving  to  field  inspectors 
the  determination  of  the  quality  of  materials.  For  the  same  reason, 
it  is  inadvisable  that  the  selection  of  samples  from  varying  grades  of 
materials,  such  as  sand  and  stone,  be  left  to  the  average  inspector's 
"eye".  The  only  safe  procedure  is  to  have  trained  men  in  the  labora- 
tory for  the  purpose  of  going  into  the  field  and  collecting  all  samples. 

It  is  believed  that  it  will  prove  ultimate  economy  for  State  or 
municipal  laboratories  (and  all  other  large-scale  organizations),  if 
instead  of  awaiting  samples  to  be  sent  in  for  test,  they  develop  an 
organization    to    collect    them.      This    organization    would    prove    of 

*  Rochester,  N.  Y. 
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Mr.  great  value  in  many  other  ways;  not  only  would  laboratory  control 
be  more  complete,  but  field  inspectors  could  be  instructed  in  the 
proper  use  of  materials.  (Engineers  seldom  have  time  for  sttfficient 
instruction  in  the  field.)  The  slight  additional  cost  would  be  cheap 
insurance;  it  would  aid  both  the  engineer  and  the  contractor  to  obtain 
better  materials  and  prevent  their  misuse  or  adulteration. 


AMERICAN  SOCIETY  OF  CIVIL  ENGINEERS 

INSTITUTED     1S52 


TRANSACTIONS 


This  Society  is  not  responsible  for  any  statement  made  or  opinion  expressed 
in   its  publications. 


Paper  No.    1422 

Discussion 

THE  DISTRIBUTION  OF  STRESSES 

IN  MITERING  LOCK-GATES, 

WITH  SPECIAL  REFERENCE  TO 

THE  GATES  ON  THE  PANAMA  CANAL* 


By  David  A.  Molitok,  M.  Am.  Soc.  C.  E. 


David  A,  Molitor,!  M.  AxVI.  Soo.  C.  E.   (by  letter). — The  subject      Mr. 
of  this  paper  is  one  with  which  the  writer  was  concerned  as  early  ^o'''^°''- 
as  1893,  in  connection  with  the  steel  gates  of  the  Poe  Lock  at  Sault 
Ste.  Marie,  Mich.,  and  several  times  since,  until  1912,  in  connection 
with  the  Keokuk  Canal  lock. 

While  engaged  on  the  Panama  Canal  work,  in  1907-08,  as  designing 
engineer  of  the  emergency  dams,  at  the  same  time  that  the  author  was 
similarly  engaged  on  the  design  of  lock  gates,  this  paper  was  practically 
prepared,  and  little  of  any  consequence  happened  with  which  the 
writer  was  not  conversant.  It  is  surprising,  therefore,  that  the  paper 
should  appear  at  this  late  date,  especially  when  the  method  was 
published  previously  in  the  United  States  Deep  Waterways'  report 
of  1900. 

It  is  admittedly  true  that  this  problem  is  fairly  simple  in  principle, 
but,  when  the  cumbersome  analytic  method  of  least  work  is  used,  it 
assumes  enormous  proportions  when  dealing  with  many  redundants. 
The  somewhat  laborious  computations  alluded  to  in  the  paper  actually 
occupied  the  author's  entire  time  for  more  than  a  month,  with  the 
assistance  of  two  engineers  and  one  draftsman,  working  with  the  aid 

*  This  discussion  of  the  paper  by  Henry  Goldmark,  M.  Am.  *Soc.  C.  E.,  was 
received  too  late  to  be  printed  with  that  paper  in  Transactions,  Am.  Soc.  C.  E.,  Vol. 
LXXXI,  p.  1621. 

t  Detroit,  Mich. 
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Mr.  of  practically  every  known  computing  device,  from  the  "Millionaire" 
°  "'°'^'  multiplying-  machine,  down  to  the  Thacher  rule. 

The  author's  term  "theory  of  elastic  work"  would  make  it  appear 
that  he  was  proposing  something  novel.  His  Equation  (7)  expresses 
Menabrea's  law,  or  "theorem  of  least  work",  which — stated  in  words — 
means  that  "the  redundant  or  indeterminate  conditions  reduce  the 
actual  work  of  deformation  of  a  frame  (or  isotropic  body)  to  a  mini- 
mum". Hence  there  can  be  no  doubt  regarding  the  theorem  on  which 
the  author  bases  his  solution. 

That  this  solution  is  "more  complete  and  accurate  than  any  pre- 
viously developed"  cannot  be  admitted  at  this  time,  though  it  was 
true  at  the  time  of  publication  in  1900. 

The  author  has  had  ample  opportunity  to  familiarize  himself  with 
the  far  more  elegant  and  practical  method  of  deflections,  frequently 
brought  to  his  attention  by  the  writer,  but  apparently  he  could  not 
divorce  himself  from  his  older  friend  "least  work". 

A  casual  reading  of  the  paper  will  show  that  the  preliminary  com- 
putations, necessary  for  the  coefficients  involved  in  the  final  equations, 
are  very  laborious  and  had  to  be  largely  omitted.  The  solution  of 
the  final  equations  is  really  a  minor  portion  of  the  whole  work. 
The  numerical  coefficients  in  these  equations  are  all  large  numbers, 
about  the  million  mark,  which  the  author  abbreviated  to  five  significant 
figures.  They  represent  complex  functions  which  cannot  be  appraised 
[/■  accurately  by  any  check  methods,  so  that  duplicate  computations  are 
necessary  before  attempting  the  solution  of  the  final  equations. 

The  substitution  of  the  static  equilibrium  conditions — Equations 
(1)   and  (2) — in  the  work  equations  also  involves  considerable  labor. 

If  the  effect  of  shearing  stresses  was  included,  such  a  problem  would 
prove  almost  iDrohibitive,  and  yet  it  cannot  be  assumed  that  these  are 
negligible  quantities,  by  any  means.  The  deflections  of  the  horizontal 
arches  due  to  shear  alone  are  usually  about  10%  of  those  due  to 
bending  only;  and,  for  the  vertical  stiffeners,  the  difference  might  be 
greater  or  less,  depending  on  the  style  of  web,  which  is  part  open 
and  part  solid. 

All  these  difficulties  are  obviated  by  using  Professor  Mohr's  work 
equations  in  conjunction  with  Professor  Maxwell's  law  as  a  basis 
for  the  analysis.  This  leads  to  the  far  more  elegant  and  comprehensive 
method  of  deflections,  by  which  the  preliminary  computations  are 
vastly  reduced,  especially  when  the  required  deflections  are  found  by 
graphic  methods. 

The  coefficients  in  the  final  equations  then  represent  deflections 
which  can  be  expressed  in  inches  to  three,  possibly  four,  significant 
figures,  and  the  final  solution  of  these  equations  can  be  effected  with 
an  ordinary  10-in.  slide-rule.  Furthermore,  the  preliminary  compu- 
tations are  practically  done  away  with,  because  the  deflections  are  all 
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found  from  graphic  deflection  diagrams,  which  are  easily  and  quickly     Mr. 
drawn,  and  yield  results  which  are  more  accurate  than  the  analytic, 
besides  being  readily  checked. 

This  is  true,  because  a  deflection  diagram  can  be  drawn  for  the 
combined  effect  of  shear,  bending,  and  direct  stress,  for  a  variable 
moment  of  inertia  in  any  girder,  which  problem  would  lead  to  insur- 
mountable difficulties,  if  attempted  analytically.  It  is  in  this  one 
respect  that  the  author  is  compelled  to  make  approximations  which 
are  wholly  unnecessary.  Thus,  working  with  average  cross-sections, 
average  moments  of  inertia,  and  neglecting  shear,  will  certainly  not 
lead  to  the  same  high  degree  of  accuracy  as  when  these  factors  are 
duly  considered.  Also,  by  an  appropriate  choice  of  scales  and  pole 
distances,  any  desired  accuracy  can  be  attained  by  graphics,  as,  for 
instance,  20  000  times  actual  to  the  scale  of  lengths  chosen. 

To  verify  all  this,  the  writer  solved  the  same  problem  complete  in 
32  working  hours,  with  the  help  of  one  assistant  and  a  10-in.  slide-rule. 
This  included  drawing  all  deflection  diagrams  and  solving  the  equa- 
tions. It  was  proposed  at  the  time  to  utilize  this  problem  as  a  chapter 
in  the  writer's  treatise*  then  in  course  of  preparation,  but,  owing  to  the 
great  number  of  tabulated  computations  and  diagrams  involved,  it 
was  decided  later  to  exemplify  the  method  on  a  smaller  problem,  thus 
adding  to  the  clearness  of  presentation  which  would  otherwise  become 
obscured  by  a  mass  of  figures.  The  complete  theory  and  solution  of 
this  problem  is  illustrated  on  one  of  the  1909  steel  gates  of  the  Erie 
Canal,  which,  together  with  a  full  discussion,  constitutes  Chapter  XIV 
of  the  above  named  treatise.  All  the  fundamental  equations  dealing 
with  least  and  virtual  work,  and  graphic  deflection  polygons,  influence 
lines,  etc.,  are  exhaustively  treated  in  this  volume.  Mr.  Goldmark, 
however,  preferred  the  more  circuitous  and  laborious  method  of  solu- 
tion. 

Although  the  exact  solution  of  this  problem  is  possible,  either  by 
applying  the  method  of  (most)  "least  work"  or  method  of  deflections, 
it  would  involve  as  many  redundant  conditions,  x,  as  there  are 
intersections  between  horizontal  and  vertical  girders,  which,  for  the 
author's  problem,  would  have  necessitated  the  solution  of  9X16  =  144 
simultaneous  equations.  Hence,  the  short  cut,  of  consolidating  all 
material  contributing  to  vertical  stiffness  into  one  hypothetical  vertical 
girder,  is  certainly  pardonable.  The  writer  fully  indorses  this  simpli- 
fication, and  adopted  it  for  his  own  solution,  as  a  practical  expedient, 
but  shows  how  the  more  exact  solution  may  be  accomplished. 

As  the  writer's  method,  illustrated  with  a  complete  problem,  is 
made  available  to  the  Profession  in  his  before-mentioned  treatise,  it 
is  not  desired  to  inflict  the  burden  of  repetition  on  this  Society,  and 
hence  the  reader  is  invited  to  consult  that  treatise  for  full  details. 

*  "Kinetic  Theory  of  Engineering  Structures",  McGraw-Hill  Book  Co.,  1911. 
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Mr.  Regarding   the   solution   of   simultaneous   equations,   given   in   the 

Moiitor.  ^ppg^(jjx  to  the  paper,  the  writer  has  made  several  improvements 
which  greatly  reduce  the  numerical  operations,  especially  the  checking, 
in  order  to  avoid  the  carrying  forward  of  errors,  and,  by  an  appropriate 
arrangement  of  the  given  equations  in  separate  tables,  no  operations 
involve  more  than  one  sheet  at  a  time.  This  is  also  fully  explained 
in  his  treatise. 
..;•     The  author  makes  this  statement: 

"It  seems  proper  to  put  on  record  some  of  the  results  obtained, 
especially  as  American  literature  on  lock-gates  is  very  scanty.  It  is 
believed  that  the  method  of  calculation  used  is  novel,  and  is  an 
advance  on  previous  practice." 

In  view  of  the  facts  here  presented,  such  a  statement  can  scarcely 
be  accepted,  in  so  far  as  it  relates  to  the  problem  of  stress  analysis. 
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T.  Kennard  Thomson,  Adolph  F.  Meyer,  William  M.  Hall, 
Fred.  H.  Tibbetts,  H.  A.  Petterson,  Ivan  E.  Houk,  Kenneth  C. 
Grant,  and  Morris  Knowles. 


1. — Synopsis. 
The  writer's  attention  was  particularly  drawn  to  a  possible  working 
relationship  between  reservoir  and  spillway,  as  hereinafter  set  forth, 
by  his  study  of  the  detention  reservoir  system  while  acting  as  consult- 
ing engineer  to  the  Miami  Conservancy  District  on  certain  occasions 
duriiig  the  30  months  prior  to  the  adoption  of  the  Official  Plan  for 
flood  protection  in  that  district.  He  became  convinced  that  applica- 
tions of  the  detention  principle  were  by  no  means  exhausted  in  the 
Miami  system,  elaborate  and  well-considered  as  it  is,  but  that  there  is 
a  wider  scope  to  its  utility  than  even  that  notable  example  would  indi- 
cate. The  purpose  of  this  paper  is  to  inquire  how  far,  and  by  what 
means,  the  detention  principle  may  be  made  to  harmonize  the  conflict- 
ing conditions,  in  reservoir  development,  between  flood  control  and 
storage  for  industrial  or  other  use.  It  is  generally  conceded  that  flood 
control  of  itself  will  not  justify  a  very  wide  reservoir  development, 
and  that  such  justification  must  be  sought  in  storage  for  use.  It  is 
further  generally  recognized  that  flood  control  and  storage  for  use  are 

*  Presented  at  the  meeting  of  October  17th,  1917. 
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essentially  antagonistic  purposes  which  make  impossible  a  reliable 
utilization  of  the  same  reservoir  space  for  both.  In  spite  of  these 
adverse  conditions,  however,  there  is  a  sub-conscious  feeling  among 
engineers  that  two  such  important  purposes  ought  to  be  brought  into 
more  harmonious  relations.  In  line  with  this  sentiment,  the  writer 
will  endeavor  in  this  paper  to  indicate  a  method  by  which  this  most 
desirable  end  can  be  at  least  partly,  if  not  wholly,  attained. 

In  view  of  the  widespread  interest  in  the  question  of  flood  control 
which  has  developed  during  the  past  few  years,  it  is  hoped  that  mem- 
bers of  the  Society,  and  others  as  well,  who  share  this  interest,  will 
contribute  from  their  experience  or  study  to  a  further  elucidation  of 
the  subject.  A  consensus  of  well-considered  opinions,  by  men  profes- 
sionally qualified,  cannot  fail  to  be  of  public  value. 


2. — DetejS'tion  Reservoirs:    Definition  and  Terminology. 

A  detention  reservoir  is  one  formed  by  a  natural  or  artificial  en- 
gorgement in  the  valley  of  a  stream  whereby  the  volume  of  water 
which  may  pass  for  a  given  depth  in  a  given  time  is  strictly  limited. 
The  surplus  which  cannot  thus  pass  in  time  of  heavy  flow  accumulates 
in  the  basin  above  the  engorgement  and  flows  out  as  the  inflow 
decreases.  The  function  is  purely  automatic,  human  control  being 
wholly  eliminated.  The  effect  is  to  prolong  the  period  in  which  an 
excessive  run-off  passes  the  point  of  engorgement  and  to  reduce  propor- 
tionally the  rate  of  discharge  in  the  valley  immediately  below. 

The  engorgement  may  be  produced  in  a  variety  of  ways,  as  by  the 
contraction  of  a  natural  chasm,  by  the  construction  of  a  dam  with  one 
or  more  conduits  through  the  base,  or  by  the  construction  of  a  dam 
with  a  spillway  at  some  level  above  the  base.  In  the  first  two  cases  the 
accumulated  excess  flows  out  entirely  a'fter  the  flood  is  past  and  the 
basin  above  is  left  empty.  In  the  third  case  there  will  remain  a  body 
of  water  in  the  basin  after  the  spillway  has  performed  its  alloted  func- 
tion. Although  the  first  two  types  will  be  referred  to  frequently  in 
this  paper,  only  the  third  will  be  given  special  consideration,  as  it  is 
the  type  which  seems  to  be  adaptable  in  some  degree  to  the  compro- 
mise of  conflict  referred  to  in  Section  1  of  this  paper. 

A  brief  reference  to  the  terminology  of  the  subject  may  properly  be 
made  at  this  point.      The  terms   "detention   reservoir"  or  ''detention 
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basin",  "retarding  basin",  ''restraining  reservoir",  "'impeding  reservoir", 
have  been  used  in  official  discussions  of  the  subject.  There  is  one  defect 
common  to  all  these  terms,  except  possibly  the  third,  and  that  is  this — 
they  do  not  suggest  the  end  for  vi'hich  the  system  is  designed,  but  only 
the  means  of  attaining  that  end.  Reduction  of  flood  discharge  is  the 
great  desideratum,  but  there  is  no  hint  of  this  in  three  of  the  foregoing- 
terms.  The  terms  "reduction"  or  "restriction"  would  be  more  appro- 
priate, but  there  is  something  about  these  words  that  does  not  appeal 
to  the  ear.  The  term  "restraining"  carries  a  suggestion  of  both  end 
and  means,  is  in  itself  an  agreeable  descriptive,  and  perhaps  fills  all  the 
requirements  better  than  any  other  term  that  could  be  selected.  Com- 
mon use,  however,  is  the  final  arbiter  of  all  questions  of  this  sort,  and, 
on  this  basis,  "detention  reservoir"  has  the  lead,  notwithstanding  the 
great  prominence  given  to  "retarding  basin"  by  its  use  in  the  Official 
Plan  of  the  Miami  Conservancy  District.  As  between  "basin"  and 
"reservoir",  the  writer  distinctly  prefers  the  latter,  except  in  those 
cases  where  the  basin  itself  and  not  its  content  is  specifically  referred 
to.  As  the  agencies  herein  discussed  are  in  the  most  literal  sense 
reservoirs,  "detention  reservoir"  is  definitely  adopted  in  this  paper. 

The  term  "dry  reservoir"  appeals  to  the  writer  as  a  most  happy 
descriptive  of  that  particular  type  of  detention  reservoir  in  which  the 
detained  excess  of  run-off  runs  out  soon  after  the  crisis  of  the  fiood, 
leaving  the  basin  above  the  engorgement  empty  or  dry.  The  original 
detention  reservoir  formed  by  the  Digue  de  PirMy  in  France  more  than 
two  centuries  ago  was  of  this  type,  as  are  also  to  be  all  the  units  of  the 
Miami  system. 

3. — The  Spillway  :    Definition  and  Description. 

In  its  ordinarjr  use  the  spillway  is  a  device  for  convejdng,  over  or 
through  the  crest  of  a  dam,  the  surplus  inflow  from  above  in  such  a 
way  as  not  to  endanger  the  integrity  of  the  dam.  Its  purpose  is  nega- 
tive rather  than  positive.  It  plays  no  active  part  in  the  dynamic 
functions  of  the  dam,  as  a  penstock  and  other  appurtenances  do,  but 
simply  stands  guard  to  see  that  the  dam  shall  not  be  wrecked  by  any 
inflow  in  excess  of  that  which  its  purpose  of  utility  requires. 

The  successful  operation  of  the  spillway  requires  that  it  satisfy 
three  vital  conditions.  It  must  have  sufficient  capacity  to  prevent 
overflow  of  the  dam,  because  such  overflow  is  always  dangerous,  and. 
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in  the  case  of  earthen  dams,  fatal  unless  promptly  checked.  The  spill- 
way must  have  sufficient  structural  resistance  to  withstand  the  tre- 
mendous strain  of  deep  overflow.  Means  must  also  be  provided  at  the 
point  where  the  overflow  strikes  the  level  of  the  stream  below  to  neu- 
tralize the  energy  developed  in  its  fall  without  danger  of  undermining 
the  dam.  Inadequate  satisfaction  of  these  conditions  is  more  common 
than  the  Engineering  Profession  likes  to  admit,  and  Professor  Mead 
very  properly  says*  that  "perhaps  there  has  been  no  more  frequent 
cause  of  the  failure  of  dams  than  inadequate  spillways." 

Inasmuch  as  the  spillway  requires  a  certain  depth  of  overflow  to 
be  efi'ective,  and  as  it  sometimes  happens  that  the  resulting  elevation 
of  water  surface  above  the  dam  may  be  objectionable,  the  escape 
of  water  in  such  cases  may  be  accelerated  by  the  use  of  sluice- 
ways, movable  gates,  flash-boards,  and  similar  devices,  all  of  which  are 
under  direct  control.  These  serve  the  primary  purpose  of  the  spillway 
in  facilitating  the  escape  of  surplus  water,  but  lack  the  automatic 
character  which  is  a  distinctive  feature  of  the  true  spillway. 

The  writer  has  defined  the  spillway,  in  the  common  acceptation  of 
the  term,  as  a  safety  device  pure  and  simple.  In  the  following  discus- 
sion he  will  treat  of  it  under  a  somewhat  broader  conception — one 
based  not  at  all,  or  at  least  only  incidentally,  on  the  negative  considera- 
tion of  safety,  but  on  positive  considerations  of  utility.  It  will  fulfill 
a  vital  function  in  the  purpose  of  the  dam  as  an  agency  of  flood  control, 
and  will  be  a  direct  means  of  extending  the  application  of  the  deten- 
tion principle  to  cases  heretofore  considered  of  doubtful  feasibility. 

4. — Elements  of  Control. 

As  a  preliminary  to  this  section,  it  may  be  observed  that  the  com- 
bined function  of  dam  and  spillway  which  denotes  the  true  detention 
principle  is  universally  exemplified  in  ^Nature.  In  almost  infinite 
combination  its  elements  of  control  may  be  found  in  actual  operation. 
Every  lake  or  pond  which  has  an  outlet  is  a  case  in  point.  Fig.  1 
exhibits  in  graphic  form  the  effect  of  Lake  Kachess,  Washington,  in 
reducing  the  flow  of  the  Kachess  Eiver  in  the  great  flood  of  November, 
1906.t     It   will   be   noted   that,    as   the   rim-off   from   the   water-shed 

*  "Water  Power  Engineering,"  edition  of  1915,  p.  612. 

t  For  the  data  on  which  this  diagram  is  based  the  writer  is  indebted  to  G.  L. 
Parker,  Assoc.  M.  Am.  Soc.  C.  E.,  District  Engineer  for  the  State  of  Washington, 
Hydrog'raphic  Branch,  U.  S.  Geological  Survey. 
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(inflow  into  the  lake)  begins  to  exceed  the  capacity  of  the  outlet,  the 
surplus  accumulates  in  the  reservoir,  causing  a  rise  in  surface  level 
and  a  consequent  increase  in  outflow.  This  process  continues  until 
outflow  balances  inflow,  at  which  point  the  curve  of  outflow,  and  the 
reservoir  level,  reach  their  maximum  elevation,  the  curves  of  inflow 
and  outflow  cross  each  other,  and  the  curve  of  storage  passes  through 
zero.  The  inflow  curve  always  reaches  its  crest  and  is  on  the  decline 
before  it  is  overhauled  by  the  rising  outflow  curve.  The  difference  in 
time  between  the  two  crests  varies  greatly  in  different  reservoirs  for 
similar  freshet  conditions,  and  in  the  same  reservoir  for  different 
freshet  conditions.  The  net  result,  however,  is  in  every  case  a  temporary 
detention  of  a  portion  of  the  flood  wave  in  the  reservoir,  a  prolonga- 
tion of  the  period  of  outflow,  as  compared  with  that  of  inflow,  and  a  con- 
sequent reduction  in  the  rate  of  discharge  as  the  freshet  passes  through 
the  reservoir. 

The  example  of  Lake  Kachess  is  fairly  typical,  but  Nature  presents 
all  degrees  of  control,  from  that  which  is  practically  complete  to  that 
which  is  practically  negligible.  Lake  Superior  stands  at  one  extreme. 
So  great  is  its  area  that  the  increment  or  decrement  of  outflow,  com- 
pared with  the  corresponding  increment  or  decrement  of  storage,  for 
any  rise  or  fall  in  the  lake  level,  is  quite  insignificant.  Variations  of 
inflow  are  almost  wholly  compensated  iu  storage,  and  the  discharge  of 
the  outlet  never  varies  by  more  than  a  small  percentage  from  its  mean 
value.  The  phenomena  of  high  and  low  water,  so  characteristic  of 
ordinary  streams,  are  here  entirely  absent. 

At  the  opposite  pole  from  Lake  Superior  may  be  cited  those  natural 
widenings  of  channels  occasionally  found  in  some  of  our  larger  streams, 
and  which  have  very  slight  storage  capacity  compared  with  the  volume 
of  water  passing  through  them.  The  increment  of  storage  in  such 
cases  is  very  small,  as  compared  with  the  increment  for  the  outflow 
of  a  given  rise,  and  little  regulative  effect  is  experienced  by  a  flood 
wave  during  its  passage. 

It  is  manifest  that  the  moderating  effect  of  detention  reservoir.^, 
whether  natural  or  artificial,  is  the  combined  result  of  three  co-oper- 
ating factors,  two  of  which  are,  or  may  be  made,  subject  to  artificial 
control,  but  the  third  is  not.  These  are  the  storage  capacity  of  the 
reservoir  per  vmit  depth  at  any  level,  the  spillway  capacity  per  unit 
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length,  and  the  duration  of  the  flood  wave.*  In  perfectly  general 
terms,  this  moderating  effect  increases  with  the  area  of  the  reservoir 
and  diminishes  as  the  length  of  the  spillway,  or  the  duration  of  the 
freshet,  increases ;  but  these  variations  in  result  never  follow  in  exact 
ratio  the  variations  in  the  factors  which  produce  them.  In  some 
conditions  the  correspondence  is  close,  in  others  it  is  widely  divergent. 

Assume  first  fixed  conditions  as  to  spillway  length,  and  as  to  dura- 
tion and  volume  of  flood  wave  or  inflow  into  the  reservoir.  The  mod- 
erating efl'ect  of  the  reservoir  would  increase  with  an  increase  of  area, 
but,  as  a  rule,  in  slightly  greater  ratio.  For  example,  with  an  area 
in  one  case  twice  as  great  as  in  another,  the  same  quantity  of  storage 
would  raise  the  larger  surface  half  as  much  as  it  would  the  smaller, 
if  the  outflow  in  both  cases  was  the  same;  but  the  outflow  would  not 
be  the  same.  The  flow  over  a  spillway  increases  in  faster  ratio  than  the 
depth — generally  much  faster — and  to  cut  off  half  the  depth  from  the 
top  would  reduce  the  outflow  by  more  than  half.  This  is  slightly 
compensated,  however,  in  increased  storage  and  elevation  of  surface 
due  to  restricted  outflow;  but,  unless  the  spillway  is  relatively  large, 
this  effect  would  be  small,  and  the  reduction  of  outflow  would  remain 
more  than  half. 

"With  fixed  conditions  as  to  area,  volume,  and  duration  of  flood  wave, 
the  regulative  effect  will  diminish  with  an  increase  in  length  of  spill- 
way, but  in  somewhat  less  ratio,  because  the  greater  outflow  will  dimin- 
ish the  height  to  which  the  reservoir  siu-face  will  rise  and  consequently 
the  outflow  per  unit  length  of  spillway.  Thus,  if  the  spillway  were 
doubled  in  length,  the  outflow,  with  fixed  conditions  as  to  the  other 
factors,  would  be  something  less  than  doubled. 

Much  more  difl&cult  to  follow  than  either  of  the  foregoing  cases 
is  the  effect  of  variations  in  the  time  factor,  or  the  duration  of 
inflow  into  the  reservoir.  It  can  only  be  stated,  as  a  general  proposi- 
tion, that  the  regulative  effect  on  the  flood  wave  of  given  volume  is 
greater  as  its  duration  is  less ;  but  there  are  so  many  qualifying  condi- 
tions— as,  for  example,  the  relative  size  of  spillway  and  the  distribu- 
tion of  inflow  during  the  freshet  period — that  no  conclusion  of  general 
applicability  seems  possible. 

*  In  this  discussion  it  is  assumed  that  the  capacity  of  a  reservoir  per  unit  depth  at 
any  level  is  the  same  as  the  area  for  that  level  ;  and  that  the  capacity  of  the  spillway 
for  any  depth  varies  directly  with  its  length.  Variations  in  these  capacities,  there- 
fore, may  be  expressed  in  terms  of  variations  in  area  and  length,  respectively. 


1480  DETENTION  EESERVOIRS  FOR  FLOOD  CONTROL 

Indeed,  the  whole  problem  of  the  inter-relation  of  these  several 
factors  seems  to  be  too  complicated  to  be  expressed  in  any  general 
formula  which  will  embrace  them  all,  and  it  seems  destined  to  remain 
simply  a  problem  in  "particular  cases" — the  making  of  specific  assump- 
tions, and  the  determination  of  each  group  by  itself.  That  is  what 
would  be  done  in  practice  anyway,  but  it  would  be  a  satisfaction,  never- 
theless, to  have  a  general  formula. 

5. — Prevalence  of  the  Reservoir  Idea. 

In  passing  from  the  general  principles  just  discussed  to  their  spe- 
cific application,  it  may  be  stated  at  the  outset  that  there  is  a  deep- 
seated  belief  in  the  lay  mind,  and  to  a  less  extent  in  the  mind  of  the 
expert,  that  in  reservoirs  is  to  be  found  the  solution  of  the  flood  prob- 
lem. As  the  writer  stated  some  20  years  ago*:  "To  store  the  surplus 
water  in  the  flood  season  and  use  it  in  the  season  of  drought  ought, 
apparently,  to  strike  at  the  root  of  the  whole  difficulty.  *  *  *  Why 
so  obvious  a  remedy  has  never  yet  been  extensively  applied,"  the  writer 
at  that  time  traced  to  a  prohibitory  disproportion  between  cost  and 
resulting  benefits.  Although  this  is  true,  as  a  broad  generalization,  it 
will  be  more  useful  to  the  student  of  these  questions  to  give  some  of 
the  specific  details  on  w^hich  the  generalization  rests.  They  may  be 
summarized  briefly  as  follows: 

Deficiency  of  Sites. — This  sometimes  arises  from  an  actual  absence 
of  physical  sites,  but  more  often  from  the  lack  of  those  which  are  eco- 
nomically feasible.  Along  the  main  valleys  of  the  lower  Ohio,  Mis- 
souri, and  Mississippi  there  are  no  sites  whatever  into  which  the  main 
streams  could  be  poured,  except  possibly  to  a  small  extent  the  overflow 
basins  along  the  Mississippi.  On  the  other  hand,  on  almost  any  of  the 
upper  tributaries  may  be  found  physically  practicable  sites  of  sufficient 
capacity,  if  properly  developed,  to  insure  effective  flood  control.  To- 
day, however,  many  of  these  sites  are  crossed  by  important  railway 
systems  which  cannot  be  well  re-located,  or  are  occupied  by  villages 
and  cities,  rich  and  highly  developed  farms,  mineral  properties,  etc., 
and,  of  course,  almost  all  are  traversed  by  public  highways.  It  thus 
results  that  the  occupancy  of  such  sites  for  reservoir  purposes,  though 
physically  practicable,  is  often  economically  prohibitory. 

*  "Reservoir  Sites  in  Wyoming  and  Colorado",  House  Doc.  141,  55th  Cong.,  2d 
Sess.,  p.  32. 
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As  a  flood  control  measure,  pure  and  simple,  a  reservoir  may  be 
only  a  trade-oft',  with  the  balance  sheet  against  it.  To  quote  again 
from  the  writer's  early  reservoir  report  (p.  46)  : 

"Floods  are  only  occasional  calamities  at  worst.  Probably  on  the 
majority  of  streams  destructive  floods  do  not  occur,  on  the  average, 
oftener  than  once  in  five  years.  Every  reservoir  built  for  the  pur- 
poses of  flood  protection  alone  would  mean  the  dedication  of  so  much 
land  to  a  condition  of  permanent  overflow  in  order  that  three  or  four 
times  as  much  might  be  redeemed  from  occasional  overflow.  One 
acre  permanently  inundated  to  rescue  three  or  four  acres  from  inunda- 
tion of  a  few  weeks  once  in  three  or  four  years,  and  this  at  a  great 
cost,  could  not  be  considered  a  wise  proceeding,  no  matter  how  prac- 
ticable it  might  be  from  engineering  considerations  alone." 

Of  course,  there  are  other  considerations  of  a  different  character 
than  mere  overflow  of  bottom-lands  which  weigh  on  the  other  side  of 
the  balance.  Moreover,  the  "dry"  reservoir  quite  obviates  the  special 
objection  of  permanent  overfloAv. 

As  a  rule,  reservoirs  are  practicable  only  on  comparatively  small 
streams;  almost  never,  as  already  pointed  out,  on  trunk  streams  of 
great  magnitude.  As  floods  in  the  trunk  streams  are  invariably  the 
result  of  tributary  accessions,  and  as  the  magnitude  of  such  floods  is 
enhanced  by  the  synchronous  arrival  of  tributary  flood  peaks,  any 
disturbance  of  the  rate  or  duration  of  tributary  flow  might  have  an 
adverse  effect  on  the  combination.  Ordinarily,  the  reduction  of  a 
peak  on  a  regulated  tributary  would  more  than  offset  such  occasional 
adverse  effect.  Nevertheless,  an  aggravation  of  natural  conditions  is  a 
possibility.     This  matter  will  receive  further  consideration  later. 

The  effect  of  reduction  of  a  flood  peak  on  a  small  tributary  dimin- 
ishes rapidly  with  the  distance  down  stream,  as  other  tributaries  come 
in,  and  amounts  to  little  or  nothing  when  it  reaches  the  lower  course 
of  a  large  river.  Even  so  extensive  a  system  as  that  of  the  upper 
Mississippi  produces  no  appreciable  effect  below  the  mouth  of  the 
Missouri. 

Economic  considerations,  as  already  indicated,  are  on  the  whole 
adverse  to  any  general  development  of  the  reservoir  system  for  flood 
control  alone.  Industrial  or  other  use  is  generally  necessary  to  justify 
the  cost.  Flood  control  and  industrial  use,  however,  conflict  with  each 
other  to  a  certain  extent,  as  hinted  in  Section  1  of  this  paper,  and  as 
will  be  more  fully  explained  in  Section  6. 
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That  the  drawbacks  just  mentioned  are  not  at  all  imaginary,  but 
are  very  real  and  of  wide  application,  is  abundantly  proved  by  the 
paucity  of  examples  of  reservoirs  built  for  the  primary  purpose  of  flood 
control.  There  has  developed  in  the  Engineering  Profession  a  feeling 
somewhat  akin  to  pessimism  on  the  subject,  and  this  has  been  aggra- 
vated by  the  ill-considered  advocacy  of  certain  visionary  projects  which 
has  cast  doubt,  if  not  ridicule,  on  the  fundamental  principle  itself; 
but  there  is  clearly  a  middle  ground.  If  reservoirs  alone  can  never 
solve  the  flood  problem  on  all  our  streams — and  they  certainly  cannot — 
they  may  probably  do  more  than  most  of  us  in  recent  years  have  believed 
to  be  possible.  Omitting  those  rare  and  extraordinary  sites,  rela- 
tively few  in  number,  where  dams  built  at  slight  expense,  or  at  an 
expense  justified  by  some  special  purpose,  may  control  the  greatest 
possible  floods,  and  omitting  also  those  situations  where  the  dry  reser- 
voir is  the  most  practicable  type,  there  remains  an  intermediate  zone 
of  great  extent  in  which  flood  control  and  industrial  or  other  use  are 
competing  and  more  or  less  conflicting  purposes.  If  something  can  be 
done  to  make  possible  the  common  service  of  these  conflicting  purposes 
in  future  reservoir  construction,  the  scope  of  flood  control  by  means 
of  reservoirs  may  be  very  greatly  extended.  Whether  or  not,  and  to 
what  extent,  this  may  be  done,  will  be  our  next  inquiry. 

6. — Conflict  and  Compromise. 

In  Paragraph  41  of  a  paper  entitled  "Flood  Control"'^,  written  in 
the  summer  of  1915,  the  writer  has  succinctly  stated  the  nature  of  this 
conflict. 

"If  storms  could  be  foreseen,  both  in  date  and  intensity,  this  con- 
flict could  be  compromised.  But  as  they  cannot  be  foreseen,  and  as 
experience  shows  that  precipitation  of  one  season  may  be  several  times 
greater  or  less  than  that  of  another,  it  becomes  important,  for  storage 
purposes,  to  fill  the  reservoirs  as  soon  as  possible  so  as  to  be  sure  of  a 
supply;  while,  for  flood  control,  it  is  important  to  reserve  ample  space 
in  them  until  the  season  of  storms  is  safely  past.  The  two  purposes 
are  thus  essentially  antagonistic." 

The  Ohio  Valley  Flood  Board  sets  forth  the  same  idea  in  its  report 
of  August  31st,  1916.t    It  says : 

*  Read  before  the  International  Engineering  Congress  in  San  Francisco,  September 
24th,  1915,  and  published  in  the  Transactions  of  the  Congress  and  reprinted  as  Docu- 
ment 2,  House  Committee  on  Flood  Control,  64th  Cong.,  1st  Sess. 

t  House  Doc.  1792,  64th  Cong.,  1st  Sess.,  p.  31,  par.  56. 
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7.  "If,  however,  a  system  of  reservoirs  should  be  built  for  power  pur- 
poses, they  could  not,  even  by  hypothesis,  be  used  for  the  prevention  of 
floods.  Power  development  requires  that  the  discharge  shall  be  fairly 
uniform,  and  shall  not  fall  below  a  fixed  minimum,  and  also  that  the 
available  head  of  water  shall  not  fall  below  a  fixed  minimum.  *  *  * 
Regularity  of  flow  is  so  important  to  them  that  whenever  water  is  to  be 
had  they  will  certainly  fill  up  the  reservoir  as  far  as  they  can,  so  as 
to  provide  for  the  times  of  small  natural  discharge.  This  is  the  proper 
way  to  manage  power  reservoirs,  and  it  is  idle  to  suppose  that  com- 
panies which  have  spent  money  for  them  are  going  to  manage  them 
otherwise." 

The  State  Water  Problems  Conference,  recently  authorized  by  the 
Legislature  of  California,  refers  to  this  matter  as  follows*: 

''In  connection  with  this  subject  careful  consideration  must  be  given 
to  the  antagonistic  interests  of  flood  control,  irrigation  and  hydro- 
electric power  in  connection  with  the  storing  of  water  and  its  use.  A 
reservoir  for  highest  economic  efficiency  in  flood  control  should  be  kept 
empty  until  actual  flood;  it  would  then  be  filled  by  the  first  flood,  and 
gradually  emptied  after  that  flood  had  subsided  in  order  to  give  storage 
for  another  flood.  That  same  reservoir,  if  used  for  power  or  irrigation, 
would,  on  the  contrary,  be  filled  as  soon  as  possible — before  actual 
flood,  if  conditions  permitted — and  kept  full,  lest  there  should  not  be 
a  subsequent  flood  to  fill  it.  Such  a  reservoir  so  used  could  not  b'e 
considered,  therefore,  as  more  than  a  partial  factor  in  flood  control." 

The  Special  Committee  on  Floods  and  Flood  Prevention,  American 
Society  of  Civil  Engineers,  says  in  this  connectionf : 

*Tf  a  reservoir  is  to  be  utilized  to  diminish  floods,  it  is  essential 
that  it  be  empty  when  a  heavy  rain  occurs.  If  to  increase  the  low- 
water  discharge  of  a  river,  it  must  be  full  when  the  rainy  season  ceases. 
To  insure  the  first  condition,  it  is  necessary  to  empty  the  reservoir 
after  every  storm,  to  obtain  space  to  store  the  discharge  of  the  one 
following.  To  insure  the  second,  it  is  necessary  to  close  the  outlets 
of  the  reservoir  at  relatively  low  stages,  and  when  it  is  once  filled,  not 
permit  the  surplus  water  to  escape  until  the  river  falls  to  the  stage 
when  the  stored  water  is  required  for  navigation." 

The  Official  Plan  of  the  Miami  Conservancy  District  states  the 
case  very  briefly  as  follows:};: 

"The  construction  of  permanent  reservoirs  for  combined  flood  pre- 
vention  and  power   purposes   was  found   not  to   be  feasible,   because 

*  Report  of  November  25th,  1916,  par.  262,  small  pp.  85-86. 
t  Transactions,  Am.  See.  C.  E.,  Vol.  LXXXI.  p.  1224. 
t  Report  of  Chief  Engineer,  February  29th,  1916,  p.  84. 
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the  same  storage  space  cannot  at  the  same  time  be  used  for  storing 
water  for  power  production,  and  be  kept  unoccupied  and  available  for 
storing  water  in  time  of  flood." 

These  expressions  of  opinion  (and  they  might  be  extended  indefi- 
nitely) indicate  a  well-defined  conviction  on  the  part  of  engineers 
that  flood  control  and  storage  for  use  are,  as  has  been  repeatedly 
stated,  "essentially  antagonistic  purposes."  This  is,  indeed,  perfectly 
true  if  we  impose  one  condition,  which  is  generally  implied  rather 
than  clearly  specified,  that  the  use  of  the  same  storage  space  for  both 
purposes  is  intended.  The  last  citation  given  does  clearly  so  state  it. 
Under  this  condition  no  safe  reliance  can  be  placed  on  joint  use.  It 
might  work  in  some  cases ;  it  will  always  have  at  least  a  slight  favor- 
able influence;  but  contingencies  might  at  any  time  arise  when  such 
effect  would  be  practicably  negligible,  and  the  reservoir  be  wholly  in- 
effectual as  a  flood  regulator.  The  question  is  not  that  of  joint  use  of 
the  same  identical  reservoir  space,  but  that  of  having  space  for  each 
purpose  in  addition  to  that  required  by  the  other.  This,  in  fact,  is  the 
crux  of  the  physical  problem. 

The  possibility  of  securing  space  on  the  same  site  for  both  purposes 
is  occasionally  referred  to  in  current  discussions  of  flood  control  prob- 
lems, but  thus  far  without  specification  of  details.  The  Official  Plan  of 
the  Miami  Conservancy  District,  for  example,  in  the  paragraph  just 
quoted  from,  makes  this  brief  reference  to  the  subject : 

"Only  by  creating  storage  space  additional  to  that  necessary  for 
holding  flood  waters,  can  power  development  and  flood  control  be  pro- 
vided for  at  the  same  time.  In  Europe  such  combinations  have  fre- 
quently worked  out  to  advantage." 

Morris  Knowles,  M.  Am.  Soc.  C.  E.,  in  his  Minority  Report  to  the 
report  of  the  Special  Committee  of  this  Society  on  Floods  and  Flood 
Prevention*,  says: 

"It  is  evident,  however,  that  such  reduced  efficiency  for  a  combina- 
tion of  purposes  does  have  some  value,  and  the  maximum  efficiency  for 
each  purpose  can  be  obtained  by  increasing  the  capacity  sufficiently." 

Farley  Gannett,  Assoc.  M.  Am.  Soc.  C.  E.,  discussing  the  same 
report,  puts  the  whole  case  very  clearly  thusf : 

*  Transactions,  Am.  Soc.  C.  B.,  Vol.  LXXXI,  p.  1232. 
t  Ibid.,  p.  1291. 
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"With  few  exceptions,  storage  in  the  upper  part  of  a  reservoir  is 
the  cheapest,  so  that,  by  increasing  the  height  of  dams  erected  for 
other  pui-poses  to  a  height  greater  than  necessary  for  that  primary  pur- 
pose, the  necessary  storage  for  flood  absorption  will  be  obtained  at 
more  reasonable  cost  than  if  a  dam  or  reservoir  is  built  only  for  flood 
control." 

And,  later,  on  the  same  page,  he  says : 

"For  these  reasons  the  writer  believes  that  real  widespread  flood 
control  through  reservoir  construction  and  storage  will  be  brought 
about  by  the  construction  of  reservoirs  principally  for  other  utilization 
purposes,  such  as  water  supply,  water  power,  industrial  use,  naviga- 
tion, irrigation,  and  for  esthetic  purposes,  such  as  park  lakes,  improve- 
ment, sanitation,  etc." 

This  general  idea  of  the  combined  use  of  a  reservoir  site  for  flood 
control  and  other  purposes  is  characterized  by  the  Ohio  Valley  Flood 
Board  as  the  superposition  of  one  reservoir  upon  another,  and  is 
referred  to  rather  skeptically  as  follows*: 

"For  example  (as  has  been  sometimes  proposed)  a  reservoir  for 
flood  prevention  might  be  superposed  on  one  for  power  development. 
But  this  would  amount  to  having  two  reservoirs,  since  the  upper  part 
would  have  to  be  managed  without  reference  to  the  lower  part.  Also, 
since  the  acreage  overflowed  increases  rapidly  with  the  height  of  the 
water,  and  the  cost  of  the  dam  varies  roughly  with  the  square  of  the 
height,  there  would  probably  be  no  economy  in  the  combination.  Such 
superposition  would  therefore  have  to  be  justified  by  special  conditions 
and  each  case  be  worked  out  on  its  own  merit." 

Likewise,  the  report  of  the  Water  Problems  Conference  of  California 
(par.  264)  refers  to  this  subject  in  not  very  approving  terms: 

"Speaking  generally,  the  same  site  could  be  used  for  flood  control 
as  well  as  for  the  other  purposes  named  only  by  increasing  the  height 
of  the  dam,  and  having  in  effect  two  reservoirs,  the  top  one  for  flood 
control  to  be  filled  and  emptied  with  the  coming  and  going  of  the  flood, 
and  the  lower  one  to  be  filled  as  soon  as  possible  and  kept  fidl  as 
long  as  possible  to  supply  water  when  needed.  Such  double  construc- 
tion adds  materially  to  the  cost,  even  if  other  conditions  are  favorable, 
and  it  must  assume  public  control  for  proper  use  of  the  flood  control 
portion  of  the  reservoir." 

The  writer  would  bespeak  for  the  idea  thus  doubtfully  referred  to 
in  the  last  two  citations  a  more  thorough  and  friendly  consideration 
than  has  yet  been  given  it.     May  not  the  superposition  of  one  reservoir 

*  Flood  Board  Report,  par.  77,  p.  35. 
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upon  another  contain  important  possibilities  after  all?  The  two 
reservoirs,  or  reservoir  spaces,  would  be  of  distinct  types  and  for  dis- 
tinct purposes— that  below  for  storage,  and  subject  to  direct  supervision, 
that  above  for  flood  control,  and  entirely  automatic  in  action.  The 
outlet  of  the  upper  reservoir  would  not  be  through  conduits,  as  in  the 
Miami  type,  but  through  an  open  spillway.  Of  course,  in  outward 
appearance,  the  two  reservoirs  would  be  one,  with  a  single  dam  and  a 
single  basin  above. 

It  will  conduce  to  a  clearer  presentation  of  the  subject  if  we  assume 
what  may  be  called  an  ideal  example,  setting  forth  its  possible  develop- 
ment on  the  foregoing  lines,  and  then  noting  the  qualifying  conditions 
which  must  often  interfere  with  such  development,  and  compel  its 
abandonment  or  the  acceptance  of  something  less   than  the  highest 


Spillway 


Conduits  for  Power 
or  other  uses 


Detention  Reservoir  for  Flood  Control.- Api)ro>c.  iOfr  total  capacity  of  bas 

Storage  Reservoir  for  Power  and  other  uses.— 
Approx.  45^;  total  capacity  of  basin. 


Permanent  Lake. -Approx.  lo'/i  total  capacity  of  basin 


DIAGRAM  ILLUSTRATING  "IDEAL"  COMBINATION   OF  RESERVOIR  USES. 

Fig.  2. 

result.  Suppose  (Fig.  2)  that  there  exists  a  practicable  reservoir  site 
in  the  valley  of  an  important  stream;  that  industrial  and  other  uses  in 
the  valley  can  profitably  utilize  all  the  flow  of  the  stream  which  could 
be  made  available;  and  that  flood  conditions  in  the  valley  are  such  as 
to  justify  extensive  measures  of  relief.  Let  it  be  assumed  that  public 
authority,  State  or  Federal,  has  been  given  the  right  to  supervise  reser- 
voir construction,  and  to  see  that  it  is  planned,  if  desirable,  so  as  to 
serve  all  the  purposes  of  which  the  development  is  capable. 

The  first  consideration  would  be  the  requirements  of  use.  It  would 
be  necessary  to  determine  a  storage  capacity  sufficient  to  equalize  the 
flow  of  the  stream,  at  least  to  its  mean  annual  volume.  It  might  indeed 
be  very  useful  to  do  more  than  this,  and  make  the  excessive  run-off  of 
some  years  offset  the  deficiency  of  others.  If  it  were  planned  to  put  in 
a  power  plant  immediately  at  the  base  of  the  dam,  or  at  least  where 
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it  conld  utilize  the  head  created  by  that  structure,  it  might  be  of 
advantage  to  make  the  dam  permanently  tight  to  a  considerable  eleva- 
tion. This  would  insure  a  minimum  head  to  be  relied  on  at  all  times, 
and  would  greatly  reduce  the  range  of  annual  fluctuation  and  the  result- 
ing differences  in  head.  With  all  conditions  of  the  problem  fully  con- 
sidered, the  storage  capacity  would  be  determined,  and  with  it  the 
maximum  level  for  this  part  of  the  reservoir. 

The  spillway  would  be  placed  at  the  maximum  storage  level  just 
determined.  The  flood-control  problem  would  then  b5  worked  out, 
based  on  the  most  extreme  assumptions  that  could  reasonably  be  made. 
The  additional  height  of  dam,  and  the  spillway  capacity  necessary  to 
secure  the  desired  control,  would  follow,  and  the  full  dimensions  of  the 
dam  would  thus  be  determined.  The  portion  of  the  reservoir  below  the 
spillway  would  be  subject  to  human  control;  that  above  would  not. 
The  super-reservoir  would  really  be  of  the  dry  type,  because  all  that 
portion  of  the  basin  above  the  spillway  level  would  drain  out  promptly 
after  the  passage  of  a  flood,  and  would  remain  dry  most  of  the  time. 

7. — Objections,  Apparent  and  Eeal. 

The  Ohio  Yalley  Flood  Board  is  not  strictly  correct  in  saying*  that 
"the  upper  part  would  have  to  be  managed  without  reference  to  the 
lower  part."  The  lower  part  would  be  managed  without  reference  to 
the  upper  part,  which  would  not  be  managed  at  all,  but  rather  would 
manage  itself — human  supervision  being  entirely  eliminated  except 
for  repairs,  maintenance,  and  police. 

As  to  cost,  which  is  another  matter  of  doubt  with  the  Flood  Board, 
this  may  be  said :  The  capacity  of  a  reservoir  basin  ordinarily  increases 
very  rapidly  with  its  depth,  or  the  height  of  the  dam.  In  the  proposed 
Englewood  Basin  of  the  Miami  system,  the  following  depths  are 
required  for  100  000,  200  000,  300  000,  and  400  000  acre-ft.  capacity: 
72,  93,  107,  and  119  ft.,  respectively.  These  capacities  stand  in  almost 
the  same  ratios  as  the  cubes  of  the  corresponding  depths,  whereas, 
according  to  the  Flood  Board,  the  cost  of  dams  increases  approximately 
with  the  square  of  the  depth.  In  fact,  it  is  probably  true,  as  Mr. 
Gannett  has  stated,  that  the  top  storage  in  a  reservoir  is  generally 
cheapest  of  all. 

*  Report,  par.  77,  p.  35. 
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The  one  serious  objection  of  the  Ohio  Valley  Flood.  Board  to  the 
detention  system  is  contained  in  the  following  extract:* 

''Detention  reservoirs  decrease  the  flood  height  at  the  expense  of  a 
prolongation  of  th5  time  of  high  water,  and  therefore  necessarily 
increase  the  probability  of  coincidence  of  high  stages  from  several 
tributary  streams." 

This  is  theoretically  true,  but  it  is  so  complicated  with  an  infinitude 
of  other  factors  that  it  is  practically  impossible  to  determine  its  real 
value.  The  llood  Board  seems  to  have  in  mind  the  Ohio  River  more 
particularly.  A  high  flood  in  that  stream  is  caused  by  the  arrival, 
more  or  less  coincidentally,  of  the  flood  waves  of  many  tributaries.  In 
their  unregulated  condition,  the  peaks  of  these  flood  waves  are  sharp, 
their  passage  of  short  duration,  and  the  chance  of  their  exact  coin- 
cidence correspondingly  slender.  Under  regulation,  the  peaks  would 
be  flattened  out  more  or  less,  and  the  length  of  the  wave  increased.  It 
is  quite  evident  that  the  probability  of  overlapping  of  waves  would  thus 
be  increased,  bvit  this  overlapping  effect  would  probably  be,  more  than 
offset  by  the  reduction  in  heights.  At  any  rate  it  is  impossible  to  base 
a  conclusion  on  such  meager  data,  that  flood  heights  would  be  increased. 

In  case  only  one  of  several  tributaries  were  regulated,  it  might 
happen  that  its  peak  would  occasionally  coincide  with  unregulated 
peaks,  where  such  coincidence  would  not  have  taken  place  without 
regulation;  but  the  chances  are  just  as  strong  the  other  way,  and  here, 
too,  the  reduction  in  peak  due  to  regulation  would  tend  to  offset  any 
unusual  coincidence  which  might  occur. 

The  only  tangible  possibility  of  such  danger  which  the  writer  can 
think  of  would  be  in  the  case  of  two  important  tributaries  in  the  same 
vicinity,  one  of  which,  as  shown  by  long  records,  habitually  runs  out 
enough  in  advance  of  the  other  to  prevent  their  flood  peaks  from 
coinciding.  If  the  quicker  tributary  alone  were  regulated,  it  might 
bring  their  peaks  more  closely  together,  and  possibly  result  in  a  higher 
combination;  but  this  possibility  is  based  on  so  many  "ifs"  and  improb- 
able conditions  that  it  is  a  rather  unsubstantial  hypothesis  after  all. 
''^'  The  utmost  that  can  be  said  of  these  alleged  risks  and  dangers  is 
that  they  are  very  remote  possibilities.  The  probabilities  are  all  the 
other  way.     There  seems  to  be  no  sufficient  ground  for  building  up,  on 

•  Report,  par.  76,  p.  35. 
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such  a  basis,  an  adverse  sentiment  toward  any  extension  of  the  deten- 
tion principle  which  is  otherwise  practicable.  Nevertheless,  the  Ohio 
Valley  Flood  Board  feels  that  the  matter  is  of  sufficient  importance  to 
call  for  restrictive  measures.  It  states*  flatly  that  it  "would  not  recom- 
mend this  type  [detention]  unless  some  means  of  control  were  provided 
to  be  used  wdien  necessary,  or  other  Ohio  tributaries  were  similarly 
regulated."  Later  in  the  same  paragraph  it  is  stated:  "The  Board 
therefore  does  not  think  that  reservoirs  incapable  of  control  ought  to 
be  approved  by  the  United  States  unless  it  can  be  demonstrated  that  the 
danger  of  increased  flood  heights  by  reason  of  their  use  is  quite 
remote." 

The  writer  will  consider  somewhat  in  detail  the  two  objections 
specified  in  these  citations,  taking  that  of  simultaneous  regulation 
first.  It  seems  quite  clear  to  him  that  such  regulation  of  a  vast  num- 
ber of  streams  like  the  tributaries  of  the  Ohio  falls  outside  the  domain 
of  possibility.  Any  such  requirement  would  nullify  all  efforts  at 
development.  The  system  will  grow  little  by  little — one  unit,  not 
many,  ■  at  a  time.  Better  by  far  to  take  some  chances  and  register 
progress  than  to  block  progress  because  of  contingencies  which  are  so 
remote  as  to  be  practically  negligible. 

The  same  caution  applies  as  against  any  sweeping  condemnation  of 
the  principle  of  automatic  control.  It  would  seem,  indeed,  on  the  face 
of  it,  that  a  great  system  of  reservoirs,  each  subject  to  direct  control 
from  some  central  station,  with  a  comprehensive  flood-warning  system 
giving  instant  data  as  to  precipitation,  run-off,  gauge  heights,  etc.; 
throughout  the  region  affected,  would  afford  more  efficient  control  oh 
tlie  larger  rivers  than  if  the  reservoirs  were  left  to  blind  automatic 
operation.  The  matter  is  subject  to  the  greatest  uncertainty,  however, 
and  whatever  its  possible  value,  it  would  be  largel'y  offset  by  other 
considerations  of  direct  practical  importance.  There  would  be,  for 
instance,  the  immense  cost  of  the  devices  necessary  to  control  the  out- 
flow of  enormous  volumes  of  water  through  the  dams.  There  would 
always  be  the  risk  of  inefficient  manipulation  induced  by  rare  use;  the 
certainty  of  rapid  deterioration  and  the  likelihood  of  findii:ig  the 
mechanism  not  in  working  order  when  most  needed ;  the  danger  of  over- 
accumulation  in  the  reservoir  due  to  restriction  of  outflow  (for  that  is 

»  Report,  par.  76,  p.  35. 
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really  the  form  which  control  would  take) ;  and  the  probability  that  the 
interests  of  the  valley  immediately  below  might  be  subordinated  to  the 
interests,  more  or  less  hypothetical,  of  the  trunk  streams.  The  objec- 
tion in  regard  to  deterioration  and  imperfect  manipulation  would  prob- 
ably be  less  with  spillways  than  with  conduit  outlets;  but,  as  spillways 
would  generally  be  used  only  where  the  combined  purposes  of  flood 
control  and  storage  for  use  are  contemplated,  there  would  be  ever- 
present  a  new  danger  in  the  temptation  to  close  the  outlets  in  the 
interest  of  private  use.  The  writer  has  set  forth  this  danger  in  the 
following  terms  in  his  Flood  Control  paper  (par.  43)  already  quoted: 

"As  to  compromise  of  purpose,  there  will  always  be  a  peril  involved 
in  the  selfishness  of  interests  dependent  upon  stored  water.  Long 
periods  of  low  water  dull  the  public  sense  of  danger  and  it  becomes  a 
contest  between  an  aggressive  and  insistent  private  appeal  and  a 
lethargic  public  sense  of  duty.  The  chances  are  strong  that  private 
appeal  will  prevail ;  and  that  flood  reserve  space  will  be  encroached  on 
until  a  catastrophic  storm  comes  and  finds  the  provision  made  for  it 
pre-empted.     This  is  undoubtedly  a  real  danger." 

Taking  everything  into  consideration,  the  writer  believes  that  auto- 
matic control,  divorced  absolutely  from  the  possibility  of  human  inter- 
ference, possesses  advantages  which  far  outweigh  any  that  might 
resvilt  from  direct  control. 

It  is  well  to  observe  at  this  point  that  the  problem  of  flood  control 
by  reservoirs  is  essentially  a  head-waters  problem.  This  is  true  also  of 
storage  for  use.  Eeservoir  development  for  either  or  both  of  these 
purposes  will  never  produce  a  material  diminution  of  flood  volumes  on 
the  lower  rivers.  If  the  Miami  system  could  be  extended  to  every  small 
tributary  of  the  Ohio,  floods  would  come  to  the  trunk  streams  just  the 
same.  The  local  effect  would  be  very  great,  the  combined  effect  very 
slight;  but  such  effect,  whatever  it  migiit  be,  would  on  the  whole  be 
favorable.  It  would  not  avoid  the  necessity  of  levees  and  other  protec- 
tive works  on  the  lower  rivers;  but  it  would  reduce  somewhat  the  stress 
thereon.  To  that  extent  it  would  operate  as  a  factor  of  safety.  The 
magnitude  of  that  factor,  however,  is  not  sufficient  to  justify  the 
building  of  reservoirs  on  the  head-waters  for  that  purpose  alone.  The 
problem  will  always  remain  essentially  a  local  one.  The  writer  does 
not  believe  that  either  adverse  or  favorable  possible  effects  on  the  trunk 
streams  should  have  a  feather's  weight  in  determining  the  desirability 
of  any  local  development. 
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Perhaps  most  serious  of  the  physical  obstacles  to  the  combination  of 
purposes  herein  proposed  is  the  lack  of  sites,  already  referred  to  in 
Section  5  of  this  paper.  On  some  streams  there  are  no  available  sites; 
on  some,  such  sites  as  are  available  have  only  capacity  for  storage  for 
use;  on  some,  a  surplus  capacity  beyond  that  required  for  use  will  be 
available;  and,  on  some,  the  full  capacity  for  both  purposes  will  be 
found.  The  conditions  are  infinitely  variable,  and,  dependent  on  them, 
all  degrees  of  possible  control  will  be  encountered.  It  should  not  fol- 
low that,  because  complete  control  cannot  be  had  in  a  given  case,  such 
as  can  be  had  should  not  be  accepted.  If  a  reservoir  can  be  made  to 
care  for  25,  50,  75,  or  any  other  percentage  of  the  floods  on  a  stream, 
such  partial  relief  may  be  better  than  none  at  all.  A  reservoir  with 
only  capacity  for  its  special  use  may  at  times  afford  effective  control, 
and,  even  when  full,  will  always  afford  some  slight  control ;  for,  no  mat- 
ter how  large  the  spillway,  some  increase  in  reservoir  depth  is  neces- 
sary to  bring  it  into  play,  and  to  that  extent  it  acts  as  a  detention 
reservoir.  Every  development  must  stand  on  its  own  bottom,  and  its 
possibilities  must  be  exhaustively  analyzed.  In  that  way  sins  of 
omission  as  well  as  of  commission  may  be  avoided.  It  is  of  the  first 
importance  that  a  site  once  occupied  be  occupied  to  the  full  extent  of 
its  possibilities.  If  occupied  by  an  inadequate  or  inferior  work,  this 
may  become  a  permanent  bar  to  the  highest  development. 

8. — The  Human  Factor. 

Probably  every  engineer  who  has  had  charge  of  responsible  work 
has  said  to  himself,  in  the  bitterness  of  experience,  that  he  could  cheer- 
fully wrestle  with  the  antagonisms  of  Nature  if  he  could  only  escape 
the  antagonisms  of  Man.  So,  Avith  the  problem  here  under  considera- 
tion, great  as  may  be  the  physical  obstacles,  those  which  are  the  direct 
result  of  human  agency  will  be  found  greater  still.  In  this  final  section 
of  the  paper  the  writer  will  mention,  rather  than  attempt  to  remove, 
the  chief  of  these  obstacles. 

It  scarcely  needs  be  said  that  to  carry  out  any  such  programme  as 
outlined  herein  would  require  that  jurisdiction  over  our  streams  should 
be  vested  in  some  public  authority.  As  between  State  and  Federal 
control,  the  advantage  is  manifestly  with  the  latter,  because  it  is  the 
one  authority  which  embraces  practically  all  our  streams  from  mouth 
to  source.     It  alone  can  exercise  that  uniform  control  which  is  essential 
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to  the  best  results.     The  Ohio  Valley  Flood  Board  puts  the  case  very 
strongly  when  it  states  :* 

"Control  over  our  waterways  for  the  purposes  of  flood  prevention 
and  protection  must,  in  the  opinion  of  the  Board,  be  delegated  to  one 
central  authority  before  any  rational  plan  for  flood  control  can  be 
devised,  and  compliance  with  such  a  plan,  or  other  measures  for  the 
amelioration  of  flood  conditions  properly  enforced.  This  central 
authority  is  logically  and  necessarily  the  Federal  Government." 

Next  comes  the  •  matter  of  co-operation  and  development.  Mani- 
festly, the  additional  cost  required  to  extend  an  industrial  scheme  in 
any  particular  case  to  embrace  also  that  of  flood  control  must  be  borne 
by  some  form  of  public  agency.  It  would  be  futile  to  insist  that  private 
interests  build  larger  than  their  immediate  purposes  require.  If  more 
is  to  be  done,  the  public  must  do  it,  and  unless  it  be  prepared  for 
co-operation,  the  desired  result,  no  matter  how  practicable  or  important, 
cannot  be  attained.  Determination  of  the  respective  shares  of  cost  to 
be  borne  by  the  private  interest  and  by  the  public  would  naturally  be  a 
bone  of  some  contention;  but,  as  it  would  be  a  matter  of  expert  judg- 
ment, it  should  not  involve  serious  difficulty. 

The  hete  noire  of  the  whole  problem  will  be  found  in  making  the 
public  fund  available  with  promptness  and  certainty — unless  indeed 
an  entirely  new  system  is  devised  for  the  public  financing  of  such 
projects.  When  a  competent  body  of  experts,  designated  for  the  pur- 
pose, has  reported  that  a  project  is  feasible  and  deserving  of  prompt 
development,  and  has  set  forth  in  detail  the  grounds  on  which  its  find- 
ings are  based,  there  ought  to  be  confidence  enough  in  its  recommen- 
dations to  receive  the  full  support  of  Congress  or  Legislatures.  It  is 
known,  only  too  well,  however,  that  hitherto  this  is  far  from  having  been 
the  case,  and  it  is  to  be  feared  that,  in  this  broader  field  of  co-opera- 
tion, traditional  methods  of  delay  will  cause  energetic  co-operating 
interests  to  throw  up  their  hands  in  despair.  Say  what  we  will,  this 
is  one  of  the  drawbacks  of  our  form  of  government,  and  the  public 
expert  can  never  be  sure  of  putting  through  a  project  until  he  has 
satisfied  many  whose  interests  therein  do  not  relate  to  its  merits  at 
all.  It  is  in  these  and  similar  intangible,  yet  very  real,  obstacles,' 
arising  wholly  from  human  wrong-headedness,  selfishness,  and  short- 
sightedness, that  the  problem  which  we  have  been  discussing  will 
encounter  its  greatest  difficulties. 

*  Report,  par.  108,  p.  45. 
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DISCUSSION 


AiiTJiUR  E.  Morgan*  M.  Ait.  Soc.  C.  E..(by  letter)-— At  the  time      Mr 


of  liis  last  visit  to  Dayton,  about  a  year  ago,  Gen.  Chittendenf  reali^ed 
that  he  had  not  much  longer  to  live,  and  stated  that  he  considered  his 
services  to  The  Miami  Conservancy  District  to  be  his  last  engineering 
work.  He  made  a  deep  impression  on  the  engineers  and  officers  of  the 
District,  most  of  all  because  of  his  fine  personal  qualities. 

Gen.  Chittenden  was  first  called  to  the  service  of  The  Miami  Con- 
servancy District  when  the  feasibility  of  the  retarding  basin  system 
was  under  discussion.  He  was  persistently  quoted  at  that  time  as 
being  opposed  to  such  a  system,  and  his  published  writings  indicated 
a  disbelief  in  the  value  of  permanent  reservoirs,  at  least,  as  a  gen- 
erally acceptable  means  for  flood  control.  Therefore,  though  he  was 
personally  unknown  to  the  engineers  and  officials  of  the  District,  it 
seemed  probable  that  he  would  supply  a  definitely  critical  attitude 
which  would  tend  to  develop  any  essential  weakness  in  the  pro- 
posed plan. 

His  first  visit  was  coincident  with  that  of  several  other  engineers. 
Later,  he  returned  alone,  and  spent  more  than  a  month  in  a  detailed 
examination  of  the  design.  As  he  was  unable  to  walk,  his  work  was 
done  almost  entirely  in  his  room,  though  he  visited  by  automobile  the 
sites  of  practically  all  the  works.  Mrs.  Chittenden  accompanied  him 
on  all  his  trips  to  care  for  his  physical  needs. 

His  mind  was  exceedingly  active  and  restless,  and  he  worked 
steadily  from  8  to  12  hours  a  day  for  7  days  in  the  week.  His  demand 
for  data  from  the  Engineering  Department  seemed  never  to  be  satis- 
fied. During  the  time  he  was  with  the  District,  the  programme  of  the 
Engineering  Office  was  interrupted  to  a  considerable  extent  by  his 
omnivorous  appetite  for  more  information.  From  6  to  12  men  were 
commonly  employed  in  arranging  and  classifying  data  and  in  making 
calculations  for  him,  and  a  considerable  part  of  each  day  was  spent 
in  interviews  with  men  in  charge  of  the  various  investigations.  When 
he  had  finally  satisfied  himself  as  to  its  soundness,  he  became  an  active 
partisan  for  the  plan. 

To  the  writer,  the  object  of  this  paper  seems  to  be,  not  so  much  to 
add  to  existing  engineering  knowledge,  as  to  attempt  to  keep  open  a 
field  of  opportunity.  The  development  of  The  Miami  Conservancy 
District  has  established  the  fact  that,  in  this  instance,  floo^  control 
can  be  secured  best  with  retarding  basins,  but  that  their  dependable 
use  for  flood  control  excludes  their  use  for  other  purposes.  The  habit 
of  following  precedent  is  so  strong  that  the  situation  in  this  case  is 

*  Dayton,  Ohio. 

t  Gen.  Chittenden  died  on  October  9th,  1917. 


Morgan. 
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Mr.  apt  to  be  used  as  proof  that  the  same  constructions  cannot  be  used  in 
i  orgau.  ^^^^  ^^^^  £^^  more  than  one  purpose.  Apparently,  the  author  was  in- 
spired by  a  desire  to  prevent  such  a  premature  conclusion,  and  to  keep 
open  the  field  of  inquiry'  in  other  cases  where  similar  limitations  do 
not  exist.  A  knowledge  of  the  dogmatic  attitudes  which  have  been 
taken  by  engineers  on  the  subject  of  flood  prevention  would  seem  to 
justify  this  effort. 

1. — Combined  Purpose  Dams  in  Miami  Valley.— A  few  points  in 
the  paper  seem  to  merit  special  mention.  First,  it  may  be  well  to 
repeat  that  The  Miami  Conservancy  District  made  no  mistake  in  not 
trying  to  combine  flood  prevention  with  power  development.  Of  the 
five  dams  to  be  built  by  the  District,  the  Englewood  Dam  on  Still- 
water River  offers  by  far  the  best  opportunity  for  adding  to  the  flood- 
regulating  capacit.y  of  the  basin  storage  capacity  for  power  develop- 
ment. If  the  combination  of  purposes  is  not  feasible  at  Englewood,  it 
is  not  feasible  anywhere  within  the  District.  Estimates  were  made  of 
the  income  which  would  be  derived  if  the  lower  third  of  the  Engle- 
wood Basin  was  used  for  permanent  storage  to  supply  a  power  plaut, 
while  the  upper  two-thirds  were  used  for  flood  control.  The  part  of  the 
total  cost  of  the  dam  which  must  be  charged  to  power  development  in 
such  case  is  more  than  $500  000 ;  that  is,  such  a  dam  would  cost  $500  000 
more  than  one  with  equal  flood  storage,  but  with  no  power  storage  pro- 
vided. The  drainage  area  of  the  Stillwater  River  is  650  sq.  miles;  the 
low-water  flow  is  about  25  sec-ft. ;  the  regulated  flow  with  such  a  dam 
would  be  about  300  sec-ft. ;  the  head  would  vary  from  40  to  70  ft. ;  and, 
with  a  liberal  over-all  efficiency  of  80%,  about  1  500  continuous  horse- 
power could  be  developed.  In  this  locality,  served  by  large  steam  cen- 
tral stations,  the  power  wovild  be  worth  not  to  exceed  9  mills  per  kw-hr. 
At  this  rate,  the  gross  annual  income  would  be  $88  000.  To  sell  the 
power  at  a  load  factor  of  40%  a  plant  installation  of  3  750  h.p.  would 
be  required,  which  would  cost  not  less  than  $350  000.  The  yearly  cost 
of  the  power  would  include  such  items  as  the  following : 

•   Interest  5%  on  $850  000 $42  500 

Depreciation,  5%  on  $350  000 17  500 

Taxes,  2%  on  $850  000 17  000 

Operating  expenses  and  maintenance 5  000 

Annual  cost  of  power $82  000 

The  storage  of  water  for  power  would  permanently  submerge  4  200 
acres  of  the  best  farm  land  in  Ohio,  of  which  at  least  3  500  acres  will 
retain  practically  its  full  agricultural  value  under  the  present  plan  of 
the  District.  The  annual  rent  of  this  land  is  from  $6  to  $10  per  acre, 
making  the  total  annual  cost  of  the  power  range  from  $103  000  to 
$117  000,  against  the  liberal  gross  income  of  $88  000. 
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It  is  doubtful  whether  it  would  be  a  sound  business  undertaking  to  Mr 
develop  water  power  in  this  locality  if  the  total  annual  cost  of  the  ^''^^°- 
power  produced  would  exceed  5  mills  per  kw-hr.  of  delivered  energy. 
At  the  Englewood  Dam,  according  to  the  foregoing  deductions,  its  cost 
would  be  from  lOi  to  12  mills.  The  conditions  at  the  other  four  dams 
of  The  Miami  Conservancy  District  are  still  more  unfavorable  for 
power  development. 

2. — Extent  to  Which  Retarding  Basins  are  Feasible. — Gen.  Chitten- 
den's paper  might  seem  to  infer  that  cases  are  rare  in  which  retarding 
basins  may  be  used  profitably  for  flood  control.  Although  the  majority 
of  flood-control  problems  must  be  solved  by  other  methods,  yet  the 
aggregate  number  of  cases  in  which  retarding  basin  control  is  feasible 
is  greater  than  first  impressions  would  indicate.  Over  the  country 
there  are  probably  hundreds  of  cases  where  this  method  will  finally  be 
found  most  advantageous.  The  following  are  two  typical  examples 
that  have  come  within  the  writer's  experience. 

The  St.  Francis  River,  in  Missouri,  drains  a  mountain  water-shed 
of  1  600  sq.  miles,  and  will  have  a  maximum  flood  rmi-off  of  not  less 
than  150  000  sec-ft.  Through  the  lowlands  along  the  Arkansas  and 
Missouri  State  line  the  river  channel  has  a  normal  capacity  of  less 
than  2  000  sec-ft.  By  means  of  an  extensive  system  of  levees,  this 
capacity  is  being  increased  to  10  000  sec-ft.,  or  more;  but,  after  being 
improved  by  an  extensive  levee  system,  the  channel  will  still  have  a 
capacity  of  only  about  one-tenth  of  the  maximum  discharge  from  the 
hills.  The  control  of  maximum  floods  by  levees  is  entirely  impractica- 
ble. Just  above  the  point  where  the  river  leaves  the  hills  is  a  possible 
dam  site,  where  a  complete  control  of  the  river  can  be  secured  at  an 
expense  which  would  not  be  a  serious  burden  to  the  land  affected. 

The  Coldwater  River,  in  Mississippi,  drains  1  000  sq.  miles  of  hill 
land  and  then  flows  for  many  miles  through  the  rich  alluvial  lands  of 
the  Yazoo  Delta,  the  largest  and  most  fertile  body  of  cotton-growing 
land  in  the  United  States.  This  river,  where  it  leaves  the  hills,  will 
have  a  maximum  flood  flow  probably  in  excess  of  125  000  sec-ft.,  but 
the  channel  at  that  point  has  a  capacity  of  about  900  sec-ft.  Flood 
control  of  the  Coldwater  by  channel  excavation  is  entirely  imprac- 
ticable, and  control  by  levees  is  greatly  complicated  by  numerous 
branch  streams  which  enter  it  along  its  course.  There  are  two  reser- 
voir sites  in  the  hills,  the  development  of  which  would  completely  con- 
trol maximum  floods  on  the  river.  In  this  case,  a  dual  purpose  dam 
might  be  built  with  the  object  of  storing  water  for  rice  irrigation.  In 
these  and  other  instances  which  have  come  to  the  writer's  attention, 
where  the  disparity  between  channel  capacity  and  flood  flow  is  extreme, 
retarding  basin  control  may  prove  to  be  the  only  feasible  method. 

3. — Spillway  Versus  Conduits. — The  object  of  the  paper,  as  stated 
before,  seems  to  be  to  keep  open  the  field  for  the  combined  purpose 
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Mr.  reservoir,  and  not  to  settle  any  of  its  details.  Yet  a  casual  reading 
organ.  jjjjg.]^|.  jg^^j  ^^  ^j^g  impression  that  in  such  reservoirs  the  flood  openings 
should  be  spillways  and  not  conduits.  The  function  of  the  spillway  as 
a  safety  factor  for  almost  every  dam  should  be  fully  recognized,  but 
the  openings  for  flood  regulation  wherever  possible  should  be  conduits 
and  not  spillways.  The  degree  of  protection  below  the  dam  is, limited 
by  the  maximum  flow  at  any  time  during  the  flood,  and  this  maximum 
flow  is  determined  by  two  conditions,  the  capacity  of  the  openings  and 
the  capacity  of  the  basin  above  the  dam.  The  ideal  control  would  be 
secured  with  openings  which  would  provide  a  uniform  rate  of  flow 
throughout  the  flood  in  the  river  channel  below  the  dam,  and  this  uni- 
form flow  should  be  of  such  volume  that  it  would  pass  all  the  water 
which  could  not  be  held  in  the  basin,  below  the  elevation  of  the  spill- 
way, during  the  maximum  possible  flood.  If  the  openings  are  too 
large,  more  water  will  be  allowed  to  pass  than  is  necessary,  overtaxing 
the  channel  below  the  dam,  and  the  reservoir  will  not  be  filled.  On  the 
other  hand,  if  the  conduits  are  too  small  to  care  for  the  maximum  pos- 
sible flood,  the  basin  will  be  more  than  filled,  and  there  will  be  added 
to  the  flow  through  the  conduits  a  short  flood  due  to  flow  over  the  spill- 
way crest.  The  use  of  a  spillway  instead  of  conduits  for  flood  regula- 
tion would  have  the  disadvantages  both  of  too  large  and  too  small 
openings.  At  the  beginning  of  a  flood  the  small  flow  over  the  spillway 
would  be  at  much  less  than  the  average  rate.  The  channel  below  the 
dam  would  not  be  filled  to  its  capacity,  and  the  capacity  of  the  basin 
would  be  consumed  by  unnecessary  storage.  At  the  crest  of  the  flood, 
the  deeper  flow  over  the  spillway  with  its  greatly  increased  cross-section 
and  head  would  be  at  much  more  than  the  average  rate,  and  the  flow 
below  the  dam  woiild  be  correspondingly  large.  So  far  as  variation  in 
head  is  concerned,  the  conduit  and  the  spillway  are  affected  alike,  but, 
as  to  variation  in  cross-section  and  total  discharge,  the  advantage  is 
all  in  favor  of  the  conduit,  and  this  advantage  is,  in  fact,  so  great  as 
to  make  a  spillway  uneconomical  for  the  purpose,  if  it  can  be  avoided. 
.4- — Terminology. — The  choice  of  the  term,  "retarding  basin",  for 
the  works  of  The  Miami  Conservancy  District  was  made  after  con- 
sideration of  all  the  terms  in  use.  The  term,  "reservoir",  generally 
refers  definitely  to  a  place  where  water  or  other  substance  is  held  for 
future  use.  It  was  especially  desired  to  avoid  this  inference,  and  so 
the  word,  %asin",  was  adopted  instead.  As  between  the  words,  retard- 
ing and  detention,  the  latter  commonly  implies  permanent  restraint, 
and  the  former  expresses  exactly  the  function  of  the  works  of  the  Dis- 
trict, to  retard  but  not  to  stop  the  flow  of  flood  waters.  In  planning 
a  type  of  construction  for  which  no  designation  has  been  generally 
adopted,  it  seemed  better  to  choose  a  name  which  accurately  describes 
the  work  than  to  use  one  which,  to  a  greater  or  less  degree,  misstates 
the  functions  of  the  construction. 
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Without  any  doubt,  in  the  numberless  combinations  of  conditions     Mr. 
met  in  flood  prevention  work,  numerous  cases  will  arise  where  dual  "  °''S^°- 
purpose  or  many  purpose  reservoirs  will  be  feasible  and  very  desirable. 
It  is  well  to  draw  public  attention  to  this  fact,  and  not  to  allow  a  field 
to  be  closed  through  prejudice  or  precedent. 

Alex.  Eice  McKim,*  M.  Am.  Soc.  C.  E.  (by  letter).— The  writer  Mr. 
believes  that,  in  some  cases,  flood  reduction  and  power  storage  can 
be  adjusted  by  building  a  high  dam  and  providing  for  three  super- 
imposed reservoir  spaces;  the  lowest  space  to  form  a  permanent  lake 
for  the  preservation  of  fish  life ;  the  .  middle  space  to  be  used  for 
power  development,  controlled  by  gates;  and  the  uppermost  space  to 
be  utilized  for  flood  reduction,  and  controlled  by  a  waste  weir. 

The  waste  weir  must  be  properly  proportioned.  In  his  work,  the 
writer  could  find  no  method  in  use  for  obtaining  the  dimensions  of  a 
waste  weir  for  a  reservoir.     So  he  devised  the  following  simple  formula : 

2  AQ  D  —  HP 


L  = 


B  F 


in  which,  L  is  the  necessary  length  of  the  waste  weir,  in  feet;  A,  the 
drainage  area,  in  square  miles;  Q,  the  average  high  daily  run-off,  in 
second-feet  per  square  mile,  obtained  by  dividing  120  by  the  seventh 

root  of  A  ;  and  D,  the  duration  in   days  of  Q,  equal  to  1  +  —  of  the 

longest  flow,  in  miles,  on  the  drainage  area.  H  is  the  assumed  height 
of  the  waste,  in  feet;  P,  the  acreage  of  the  reservoir  surface  at  the 
waste  crest  level;  and  F,  the  maximum  waste  flow,  per  linear  foot,  in 
second- feet,  for  H. 

T.  Kennard  THOMsox,t  M.  Am.  Soc,  C.  E. — The  discussions  on  Mr. 
flood  control  by  Messrs.  Morgan  and  McKim  made  one  glad  that  the 
redeeming  feature  of  this  Republic  is,  that  when  an  experiment  proves 
a  certain  procedure  to  be  a  failure,  it  is  discarded,  and  an  attempt 
is  made  at  something  better.  The  younger  members  of  the  Society 
will  probably  live  to  laugh  at  the  crude  efforts  at  flood  control  now 
being  tried  or  proposed.  Radically  different  methods  will  be  used, 
and  there  is  no  reason  to  suppose  that  even  the  great  Mississippi  River 
cannot  be  controlled  effectively. 

These  discussions  also  give  the  speaker  an  opportunity  to  report 
progress  on  his  project,  "Niagara  Falls  Junior",  for  building  a  dam 
in  the  lower  rapids  of  the  Niagara  River. 

IMany  engineers  have  asked  how  the  water,  which  amounts  to  220  000 
cu.  ft.  per  sec,  can  be  controlled  while  the  dam  is  being  built.  Eor 
obvious  reasons,  it  was  advisable  at  first  not  to  disclose  the  location 
of  the  dam,  but  now  the  speaker  takes  pleasure  in  stating  that  it  will 

*  Albany,  N.  Y. 
t  New  York  City. 
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Mr.      be  built  on  Foster's  Flats,  the  only  place  in  the  river  where  there  is 
Thorasou.  ^  ^^^  gj^^j£  between  the  water's  edge  and  the  high  bank.  By  using  this 
shelf,  from  one-half  to  three-quarters  of  the  dam  can  be  built  on  dry 
land  and  carried  below  the  bed  of  the  river. 

After  this  portion  is  built,  it  will  be  easy  to  divert  the  water  from 
the  present  channel  through  openings  in  the  new  dam.  It  will  then 
be  an  easy  matter  to  complete  the  dam. 

As  the  speaker  was  confronted  with  the  doubts  of  others  concerning 
the  possibility  of  using  the  2  000  000  h.p.  of  the  proposed  development, 
he  wrote  to  the  Director  of  the  Census,  Department  of  Commerce, 
Mr.  Samuel  W.  Rogers,  and  asked  him  how  much  power  was  now  used 
in  New  York  State,  as  well  as  the  probable  rate  of  increase.  Mr. 
Rogers  very  kindly  made  a  most  comprehensive  reply  to  the  effect 
that  more  than  3  000  000  h.p.  are  now  used,  and  that  the  annual 
rate  of  increase  is  more  than  300  000  h.p.  From  this  statement,  it 
will  be  seen  that  the  normal  increase  for  3  years  will  absorb  all  the 
power  which  the  dam  can  furnish  on  this  side  of  the  boundary  line. 

In  addition,  it  may  be  stated  that  in  Canada  power  is  now  trans- 
mitted successfully  for  250  miles.  In  California,  it  is  now  trans- 
mitted 543  miles.  If  a  circle  is  drawn  with  a  radius  of  500  miles,  using 
Niagara  Falls  as  the  center,  it  will  be  found  that  the  enclosed  area 
will  include  the  whole  or  part  of  twenty  States  and  two  Provinces, 
with  60%  of  the  population  of  Canada.  All  this  population  and 
area  would  be  within  reach  of  the  new  dam,  if  enough  power  could 
be  generated  there.  Yet,  as  Director  Rogers'  letter  would  indicate, 
there  will  not  be  enough  to  supply  the  State  of  New  York. 

Incidentally,  it  might  be  remarked  that  the  2  000  000  h.p.  men- 
tioned will  save  about  20  000  000  tons  of  coal  per  year.  Surely  it  is 
time  that  such  an  enormous  waste  of  power  was  stopped. 

Mr.  Adolph    F.    Meyer,*    M.    Am.    Soc.    C.    E.     (by    letter). — Gen. 

'  ^^^  '  Chittenden's  invitation  to  all  who  are  interested  in  flood  control  to 
"contribute  from  their  experience  or  study"  of  the  subject,  has 
prompted  the  ^vriter  to  prepare  the  following  notes. 

In  a  recent  report  by  Mr.  Arthur  V.  White  and  the  writer,  Con- 
sulting Engineers  to  the  International  Joint  Commission,  in  connec- 
tion with  the  proposed  regulation  of  the  level  of  the  Lake  of  the 
Woods  and  the  utilization  of  its  waters,  and  also  in  the  final  report 
of  the  International  Joint  Commission  to  the  Governments  of  the 
United  States  and  Canada,  the  combined  use  of  a  great  reservoir  for 
at  least  three  purposes  is  specifically  set  forth.  Without  going  into 
a  detailed  consideration  of  the  problems  dealt  with  in  these  reports, 
a  brief  statement  may  be  made  of  the  proposed  combined  use  of  the 
Lake  of  the  Woods  reservoir,  for  several  storage  purposes.  Although 
the  problem  was  primarily  one  of  storage  for  public  and  private  uses. 

*  Minneapolis.  Minn. 
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the  practicability  of  such  use  was  really  contingent  on  the  successful  Mr. 
control  of  extreme  flood  inflows  into  the  reservoir.  The  utilization  of  ^  ^^^'^' 
a  natural  lake  as  a  reservoir  for  artificial  storage  for  use  almost 
invariably  involves  an  increase  in  flood  stage  on  the  lake  itself,  in 
the  channel  below  the  outlet  of  the  lake,  or  both.  Although  foresight 
may  prevent  these  increases  in  flood  stage,  there  is  no  assurance  that 
it  will,  hence  provision  must  be  made  for  the  conditions  mentioned. 

In  the  present  instance,  the  "top  storage",  instead  of  being  the 
clieapest,*  is  by  far  the  most  expensive.  This  is  a  condition  which 
commonly  prevails  on  large  reservoirs  that  utilize  natural  lakes  as 
sites.      The  present   problem,   also,   is   not   a    'Tieadquarters  problem." 


/-1062. 


50  Extreme  flood  kvel^ 


Flood-Water  Reserve 


This  space  to  serve  as  a  "Dett 
/1061.25  Ordinary  mnximucp  levi 


Under  Iniei national 
Coiiliol 


Storage  for  Current  Use 

This  space  to  serve  for  storing  ordinary  flood-water  ior  current  public  and  private  i 
such  as  navigation,  water-supply,  water-power,  logging,  etc. 


4056.00  Navigation  : 


Quni  (about  June  Ist  to  Novembei  1st ) 


Low- Water  Reserve 

Tbifi  epace  to  serve  for  Binring  water  that  may  ouly  be  witbdran-n,  unJer  pubh'c  CPDtrol,  to 
maintain  the  aepepjable  outflow  juripg  a  period  of  feats  of  eilraoiJinary  low  tuppiy. 

"^  About  losTe  ' 

Permanent  Storage 


Under  International 
Control 


This  space  to  serve  to  increase  permanently  the  natural  low  water  level  of  the  Lake 
for  the  benefit  of  navigation,  power,  logging,  and  other  interests. 


,/«10al  (approx.)  Extreme  natural  low-water. 


^■yyyy>m, 


LAKE  OF  THE  WOODS_RESERVOIR 

Illustrating  Combination  of  Reservoir  Uses. 
FlO.    3. 

The  water-shed  tributary  to  the  Lake  of  the  Woods  aggregates  26  750 
sq.  miles.  The  mean  reservoir  surface  area  is  1  485  sq.  miles,  and  the 
storage  capacity  is  41400  000  000  cu.  ft.  per  ft.  depth  on  the  Lake. 

The  manner  in  which  the  available  reservoir  space  was  sub-divided 
in  order  to  secure  the  greatest  aggregate  advantage  to  all  interests, 
both  public  and  private,  utilizing  the  waters  of  this  Lake  and  the 
shores  and  harbors  thereof,  may  be  better  understood  by  reference  to 
Fig.  3.  The  low-water  level  of  the  reservoir  is  to  be  held  at  about 
5  ft.  above  natural  extreme  low  wat'er,  so  as  to  provide  a  minimum, 
during  the  navigation  season,  of  1056.0,  sea-level  datum ;  this  minimum 
stage  will  also  maintain  permanently  an  increase  in  the  available  head 
at  the  outlets,  reduce  the  cost  of  getting  water  to  the  power-plants  at 

*  Pages  1485  and  1487. 
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Mr.  the  outlets,  and  permit  of  a  more  satisfactory  operation  of  saw-mills 
■  and  power-plants  in  time  of  low  water.  Of  the  permanent  storage 
below  Elevation  1056,  a  portion  is  to  constitute  a  "low-water  reserve" 
for  use  only  under  international  supervision  and  control,  and  for  the 
puri^ose  of  maintaining  the  dependable  outflow  during  a  period  of  years 
of  extraordinary  low  supply. 

The  storage  capacity  between  Elevations  1056  and  1061.25,  sea-level 
datum,  is  to  be  utilized  for  storing  ordinary  flood-water  for  current 
public  and  private  uses,  such  as  navigation,  water-supply,  water-power, 
logging,  etc.  The  head  available  for  power  development  at  the  imme- 
diate outlet  of  the  reservoir  is  only  about  20  ft.,  but  an  aggregate  of 
about  290  ft.  of  utilizable  fall  is  partly  developed  on  the  Winnipeg 
River  below  the  outlet  of  the  Lake.  Only  a  small  portion  of  the 
storage  space  between  Elevations  1056  and  1061.25  will  be  used  in 
any  one  year.  The  intention  is  to  equalize  the  outflow  over  a  long 
period  of  years  to  a  dependable  quantity  of  from  10  000  to  12  000  cu.  ft. 
per  sec.  The  average  rate  of  outflow  from  the  Lake  during  the  past 
24  years  was  substantially  16  300  cu.  ft.  per  sec.  The  extensive  equali- 
zation of  outflow  proposed  will  be  better  realized  by  the  fact  that,  if 
such  regulation  had  been  in  operation  in  the  past,  the  reservoir  would 
not  have  been  full  once  during  the  dry  period  which  lasted  from  the 
spring  of  1910  to  the  spring  of  1916.  During  this  entire  period  no 
water  would  have  been  wasted.  The  lowest  stage  in  the  reservoir  would 
have  been  reached  in  the  spring  of  1914.  Notwithstanding  an  extreme 
fluctuation  in  lake  stage  of  more  than  6  ft.,  the  annual  storage  range 
for  Y5%  of  the  time  during  the  past  24  years  would  have  been  less 
than  2  ft. 

The  upper  1.25  ft.  of  storage  capacity  is  to  be  utilized  as  a  "deten- 
tion reseiwoir"  or  "flood-water  reserve",  under  international  control. 
Water  stored  in  this  space  is  to  be  wasted  as  soon  as  possible.  It  is 
the  expectation,  however,  that  the  lower  3  in.  of  this  flood-reseiwe 
storage  capacity  may  frequently  be  utilized  for  storing  water  for 
use  on  a  falling  lake  stage,  after  all  danger  of  floods  has  passed. 

Automatic  control  of  flood  discharge  was  not  practicable  in  this 
instance.  The  regulating  dam,  consisting  of  a  rock  fill,  and  piers 
and  sluices  with  stop-logs,  is  in  a  rock  channel  about  a  mile  below 
the  natural  outlet  of  the  lake.  With  the  dam  wide  open,  physical 
control  of  outflow  virtually  passes  to  constricted  portions  of  the 
channel  above  the  dam,  where  extensive  rock  excavation  is  required 
under  the  proposed  control.  Under  automatic  control  of  flood  dis- 
charge, reliance  is  placed  on  increased  water  stages,  both  in  the  reser- 
voir and  at  the  spillway  dam,  to  increase  the  discharge.  In  the  present 
instance,  substantially  all  the  available  fall  in  the  main  outlet  channel 
is  used  in  bringing  the  flood-water  to  the  dam.  In  other  words, 
increased  discharge  is  accompanied  by  a  drop  in  water  level  at  the  dam. 
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instead  of  a  rise.  The  cost  of  automatic  spillway  control  in  this  case  Mr. 
would  be  prohibitive.  Moreover,  the  interests  on  the  river  below  the  ^^y*'''- 
outlets  of  the  lake  make  the  specification  of  a  definite,  maximum,  flood 
discharge  from  the  reservoir  highly  desirable.  The  solution  recom- 
mended is  to  dispose  of  ordinary  flood  inflow  into  the  reservoir  by 
storage,  so  far  as  practicable,  below  Elevation  1061.25 ;  then  to  increase 
the  discharge  until  the  maximum  permissible  rate  on  the  river  below 
the  dam  is  reached;  and  then  merely  to  "detain"  the  remaining  excess 
inflow  in  the  space  reserv^ed  for  extraordinary  floods. 

The  extreme  flood  stage  of  1062.5  in  the  reservoir  is  equal  to  extreme 
natural  high  water  in  the  lake  recurring  at  intervals  of  perhaps  25  or 
50  years.  The  extreme  flood  discharge  capacity  recommended  exceeds 
the  natural  extreme  flood  stage  on  the  river  below  the  outlet  of  the 
lake  by  about  1  ft. 

The  writer  trusts  that  these  most  essential  facts  will  permit  of  a 
reasonably  good  understanding  of  the  problem  of  combining  several 
storage  projects  at  one  reservoir  site  on  the  Lake  of  the  Woods,  although 
it  is  manifestly  impossible  to  condense  into  a  few  pages  all  relevant 
material  from  the  before-mentioned  four-volume  report. 

William  M.  Hall,*  M.  Am.  Soc.  C.  E.  (by  letter).— As  the  late  Mr. 
Gen.  Chittenden,  for  a  decade  or  more,  had  been  one  of  the  ablest 
writers  on  floods  and  flood  control,  in  the  Society,  as  well  as  in  the 
Corps  of  Engineers,  U.  S.  A.,  the  writer  feels  that  it  is  especially 
fortunate  that,  before  "going  over  the  last  divide",  he  gave  his 
opinions  on  the  possibility  of  using  reservoirs  for  flood  control  and 
of  combining  the  detention  reservoir  and  the  storage  reservoir  for 
power  or  other  purposes,  thereby  clearing  up  some  misapprehensions 
regarding  his  views  thereon,  which  might  have  been  drawn  from  his 
former  papers. 

The  writer  fully  concurs  in  the  opinion  that,  on  large  streams, 
such  as  the  Lower  Mississippi,  flood  control  by  reservoirs  is  imprac- 
ticable, but  that,  on  small  streams,  such  as  the  tributaries  of  the  Ohio 
above  the  Cumberland  and  Tennessee,  it  is  practicable  thus  to  control 
or  regulate  flood  stages.  However,  in  some  cases,  other  methods  may 
be  more  economical,  and,  in  other  cases,  there  may  be  no  favorable 
sites  for  reservoirs. 

Notwithstanding  the  conflict  between  reservoir  space  for  flood 
control,  and  reservoir  space  for  power  or  other  purposes  of  utility, 
described  by  the  author,  the  writer  believes  that,  in  some  cases,  the 
two  may  be  combined  advantageously  and  economically  if  it  becomes 
to  the  interest  of  an  owner  of  a  reservoir  to  use  it  in  that  way; 
or,  such  a  combination  may  be  made  to  the  advantage  of  two  or  more 
owners  working  in  harmony  through  a  single  management. 

The  writer  wishes  to  suggest  a  thought  in  reference  to  the  method 
of  harmonizing  the  conflicting  usage : 

*  Parkersburg,  W.  Va. 
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Mr.  As  the  season  of  floods,  in  all  the  Eastern  United  States,  is  prin- 

^'*"'  cipally  during  the  period  from  December  to  April;  and,  as  the  natural 
now  during  that  time  will  generally  produce  much  greater  power  than 
the  natural  flow  during  the  dry  season,  a  dam  or  plant  could  be 
designed  for  the  production  of  power  exclusively  by  natural  flow 
during  the  time  of  greatest  floods,  thereby  using  the  upper  storage 
space  during  that  period  for  flood  control  and  immediately  thereafter 
filling  the  same  storage  space  and  using  it  during  the  dry  season 
exclusively  for  power  or  other  plant  purposes.  Such  an  arrange- 
ment would  not  afford  perfect  protection;  but,  at  comparatively  small 
additional  cost  to  that  for  power,  it  could  be  made  to  reduce  the  flood 
hazard  greatly.  As  an  example,  consider  the  flood  conditions  and 
records  of  the  Monongahela  and  Allegheny  Rivers,  at  Pittsburgh,  Pa. 
Table  3,  published  by  the  U.  S.  Weather  Bureau,  may  be  used  as 
an  illustration.  It  is  observed  that,  during  the  period  of  110  years 
covered  by  this  table,  there  were  three  floods  in  May  (one  of  22  ft., 


TABLE 


-Record  of  Floods  in  the  Ohio  River  at  Pittsburgh. 


Year. 

Day  of  month. 

Stage  at 
Pittsburgh. 

Year. 

Day  of  month. 

Stage  at 
Pittsburgh. 

1H06 

April            10 

33  9 

1890 

March         23 

24  3 

1810 

November    9 

32  0 

1890 

May             24 

22  0 

1813 

January      — 

29  0 

1891 

January        3 

23  2 

1816 

February    — 

33  0 

1891 

February    18 

31  3 

1832 

February    10 

35  0 

1892 

January      15 

23  0 

1840 

February      1 

26  8 

1S93 

Febr\iary     8 

24  0 

18Jd 

March          15 

25  0 

1893 

February    11 

22  0 

1847 

February     2 

28  9 

1894 

May             22 

23  2 

1817 

December  12 

24  0 

1895 

January       8 

25  8 

1848 

December  22 

23  0 

1896 

July             26 

23  0 

1851 

September  20 

30  9 

1897 

February    24 

29  5 

18.52 

April              6 

25  0 

1898 

March          24 

28  9 

18.52 

April             19 

31  9 

1899 

March           6 

22  0 

1858 

May              27 

26  0 

1900 

November  27 

27  7 

1859 

April            2S 

22  0 

1901 

April             7 

22  1 

1860 

Ap7-il             12 

29  7 

1901 

April            21 

27  5 

]86'J 

November    4 

22  0 

1901 

December  16 

25  8 

1861 

September  29 

31  0 

1902 

March            1 

32  4 

1862 

January      21 

30  0 

1903 

February     5 

24  0 

1862 

April            23 

25  4 

1903 

March            1 

28  9 

1865 

March            4 

24  5 

1904 

January      23 

30  0 

1865 

March          IS 

31  4 

1904 

March            4 

26  9 

1867 

February    15 

22  0 

1904 

March           8 

23  2 

1867 

March          13 

23  5 

1905 

March          22 

29  0 

1868 

March          18 

22  0 

1905 

December    4 

23  5 

1873 

Dei^ember  14 

25  7 

1907 

January      2'l 

23  3 

1874 

January        8 

22  2 

1907 

March  "       15 

35  5 

1876 

September  19 

25  0 

1907 

March          20 

22  4 

1877 

January       17 

24  6 

1908 

February    16 

30  7 

1878 

December  11 

34  5 

1908 

March         20 

27  3 

1881 

February    11 

23  2 

1909 

February    25 

22  3 

1831 

June            10 

27  1 

1909 

May        ■       1 

22  2 

18H3 

February     5 

24  8 

1910 

January      19 

22  8 

1883 

February     8 

28  0 

1910 

March            1 

22  0 

1884 

February     6 

33  3 

1911 

January      15 

23  8 

1885 

January      17 

23  0 

1911 

January      31 

25  2 

1886 

April             7 

22  S 

1912 

March          22 

28  1 

1887 

February    12 

22  0 

1913 

January       9 

31  3 

18S7 

February    27 

22  0 

1913 

January      12 

36  3 

188S 

July             11 

22  0 

1913 

March          28 

30  4 

18S8 

August        22 

26  0 

1915 

February     3 

28  4 

1889 

June              1 

24  0     . 

1915 

December  19 

22  6 
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one  of  23  ft.,  and  one  of  26  ft.),  one  in  June  (24  ft.),  two  in  July  Mr. 
(one  of  22  ft.  and  one  of  23  ft.),  one  in  August  (26  ft.),  three  in  "^"• 
September  (two  of  31  ft.  and  one  of  25  ft.),  none  in  October,  and 
three  in  l>roveniber  (one  of  22  ft.,  one  of  28  ft.,  and  one  of  23  ft.), 
or  thirteen  floods  between  April  and  December  for  the  entire  period. 
It  may  be  concluded,  therefore,  that  had  Pittsburgh  had  the  partial 
protection  of  a  series  of  power  dams,  designed  with  sufficient  flood- 
storage  space  to  hold  the  crest  wave  above  a  22  to  26-ft.  stage,  and 
operated  from  December  1st  to  April  31st,  it  would  have  had,  during 
the  period,  only  four  floods  above  a  26-ft.  stage;  or,  in  other  words, 
floods  which  would  be  classed  as  serious  disasters,  an  average  of  only 
one  such  flood  each  27  years. 

Although  such  an  arrangement  would  not  have  given  perfect  pro- 
tection, it  would  have  prevented  great  property  loss  and  damage  from 
the  other  twenty-five  floods  above  a  26-ft.  stage,  which  it  is  observed 
occurred  during  that  period  in  the  five  flood  months  of  December  to 
April. 

It  is  believed  that  the  execution  of  the  project,  as  designed  and 
proposed  by  the  Flood  Commission  of  Pittsburgh,  is  stopped  by  its 
great  cost,  and  not  by  lack  of  public  faith  in  the  project  per  se.  The 
writer  thinks  that  a  project  for  a  series  of  power-flood-protection  dams 
with  the  expense  divided  between  the  power  companies  and  the  public, 
or  built  at  public  expense  and  the  power  leased  or  sold,  might  be 
more  easily  carried  to  completion  than  one  for  either  purpose  alone. 

It  is  believed  that  a  study  of  many  localities  east  of  the  Mississippi, 
now  suffering  every  few  years  from  flood  disasters,  may  show  them 
susceptible  of  similar  relief.  To  all  such  localities  the  question  of 
cost  is  the  most  serious  one,  and  to  many  it  is  prohibitive.  The  sug- 
gested combination  should  help  to  overcome  this  obstacle. 

Fred.  H.  Tibbetts,*  M.  Am.  Soc.  C.  E.  (by  letter). — There  are  Mr. 
many  important  instances  in  which  a  considerable  measure  of  flood 
control  may  be  accomplished  by  detention  reservoirs  with  fixed  outlets, 
of  a  somewhat  different  character  than  those  emphasized  by  the  author. 
Both  Gen.  Chittenden  and  Mr.  Morgan,  who  has  contributed  a  most 
interesting  discussion  citing  a  number  of  instances  of  possible  flood 
control  by  detention  reservoirs,  could  probably  have  mentioned  other 
examples  of  the  use  which  the  writer  has  in  mind.  The  following 
outline  of  the  use  of  the  Colusa  Basin  "rim  land"  as  a  detention  reser- 
voir will  illustrate  the  principle  involved : 

The  Sacramento  River,  like  most  large  and  heavily  silt-laden  strenras 
which  have  built  up  their  own  valley  floor,  now  flows  on  a  ridge  flanked 
by  overflow  basins  in  which  large  bodies  of  land  are  from  5  to  25  ft. 
lower  than  the  river  banks.  On  both  sides  of  the  river  the  continuity 
of  these  flood  basins  is  interrupted  by  ridges  built  up  by  tributary 

*  San  Francisco,  Cal. 
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Mr.  streams.  In  the  northwest  quarter  of  the  Sacramento  Valley  lies 
Colusa  Basin,  one  of  the  largest  of  these  overflow  basins,  with  an 
area  of  about  200  000  acres  normally  subject  to  overflow.  About 
$5  000  000  has  been  spent  in  reclaiming  this  overflow  land,  and  this 
work  is  now  approaching  completion.  Four  principal  agencies  are 
involved : 

A. — Drainage  canals  and  pumping  plants,  to  care  for  surplus 
seepage  and  rain  water; 

B. — A  continuous  levee  along  the  river  frontage,  to  prevent  over- 
flow from  river  floods; 

C. — A  continuous  back  levee,  to  ward  off,  from  the  low  lying  lands, 
drainage  naturally  reaching  these  lands  from  hills,  plains, 
and  tributary  streams  to  the  westward;  and 

D. — A  large  artificial  channel  through  the  Knights  Landing  Ridge, 
which  separates  Colusa  Basin  from  the  nest  low^er  flood  basin. 

The  back  levee  has  been  located  so  that  it  will  exclude  flood  waters 
from  the  lower  lands  in  the  basin,  but,  during  heavy  storms,  will 
allow  temporary  flooding  of  a  considerable  area  of  high  land  outside 
of  the  levee  system.  This  area  of  excluded  land,  locally  known  as 
"rim  land",  thus  acts  as  a  detention  reservoir,  very  greatly  reducing 
the  quantity  of  water  which  must  be  handled  by  the  artificial  outlet 
channel  through  the  Knights  Landing  Ridge.  The  excluded  land  is 
so  high  that  under  normal  conditions  it  drains  off  in  a  few  days.  It  is 
used  for  farming  purjDOses,  a  considerable  portion  having  been  devoted 
last  year  to  the  culture  of  irrigated  rice. 

The  discharge  through  the  outlet  of  this  "rim  land"  or  detention 
reservoir  is  fixed  by  the  cross-section  of  the  Knights  Landing  Cut  itself, 
and  the  action,  apparently,  is  closely  analogous  to  that  which  will  take 
place  in  the  detention  reservoirs  of  the  Miami  Conservancy  District. 
The  total  area  of  water-shed  tributary  to  the  Knights  Landing  Cut  is 
about  1  600  sq.  miles,  about  one-half  of  which  is  comparatively  level 
plain  contributing  but  little  run-off.  The  remainder  consists  of  com- 
paratively bare  hills  and  mountains  reaching  a  maximum  elevation  of 
about  2  000  ft. 

Prior  to  reaching  the  "rim  land",  the  run-off  from  about  80% 
of  the  tributary  area  spreads  out  over  "Upper  Colusa  Basin",  which 
in  the  main  is  unleveed,  and  which  in  itself  acts  naturally  as  a  tempo- 
rary detention  reservoir. 

The  average  estimated  annual  run-off  is  about  230  000  acre-ft.,  the 
maximum  being  705  000  acre-ft.  The  back  levee  corresponds  to  the 
dams  of  the  detention  reservoirs  of  the  Miami  Conservancy  District, 
and  is  comparable  in  size,  the  main  levee  line  being  about  25  miles  in 
length,  with  a  maximum  height  of  about  26  ft.,  and  containing  in  all 
about  11  000  000  cu.  yd. 


DISCU.SSIOX  :    RESERVOIRS    FOR    FLOOD   CONTROL  1505 

The  total  storage  capacity  of  the  "rim  land"  at  the  elevation  of  the      Mr. 
crest  of  the  back  levee  is  464  000  acre-f t.,  or  about  twice  the  average 
annual  run-off. 

At  the  projected  freeboard  on  the  levees  of  8  ft.,  the  rim  land  will 
have  a  storage  capacity  of  about  170  000  acre-ft.,  equal  to  about  three- 
fourths  of  the  average  annual  run-off,  and  about  one-fourth  of  the 
maximum  annual  run-off.  A  careful  analysis  of  flood  conditions  as 
they  would  have  been  if  controlled  by  the  present  project  in  the  1911 
flood,  which  is  the  greatest  recorded  on  these  water-sheds  in  the  30 
years  that  records  have  been  kept,  shows  that  the  rim  land  detention 
would  have  reduced  the  discharge  which  the  Knights  Landing  Cut 
must  handle  from  26  000  to  17  300  sec-ft.,  or  8  700  sec-ft.,  or  approxi- 
mately one-half  of  the  remaining  required  capacity.  Actual  measure- 
ments of  the  smaller  floods  of  1916,  after  the  Knights  Landing  Cut 
had  been  put  into  operation,  showed  that  the  maximum  discharge  in 
the  Knights  Landing  Cut  was  only  47%  of  the  maximum  discharge 
into  the  detention  reservoir  of  the  rim  land. 

The  location  of  the  back  levee  line  in  such  a  v^ay  as  to  exclude  a 
portion  of  the  overflow  basin  has  permitted  a  great  reduction  in  the 
size  and  cost  of  the  artificial  outlet  channel,  without  preventing  the 
use  of  the  excluded  land,  although,  of  course,  it  impairs  its  vakie, 
because  it  prevents  it  from  being  settled,  although  not  from  being 
farmed.  There  are  a  number  of  other  locations  in  the  Sacramento 
Valley  and  elsewhere  in  California,  where  similar  results  can  be 
obtained  from  the  utilization  of  the  high  portions  of  the  flood  basins 
as  detention  reservoirs,  and  the  writer  does  not  doubt  that  there 
are  other  important  instances  where  similar  treatment  is  possible. 

Comparative  Costs. — The  Miami  Conservancy  District  is  apparently 
placing  its  chief  reliance  for  flood  control  on  detention  reservoirs, 
but  its  plans  also  include  extensive  channel  improvement  and  levee 
work.  The  comparative  costs  of  a  given  measure  of  flood  control, 
where  the  two  methods  are  available,  is  unfavorable  to  channel  improve- 
ment and  levee  construction,  because  of  the  general  lack  of  adequate 
equipment  for  work  of  this  class  in  the  Mississippi  Valley,  as  compared 
with  that  in  use  in  California. 

On  a  recent  cursory  inspection  of  the  proposed  channel  improve- 
ment at  Dayton,  the  writer  was  somewhat  surprised  to  be  told  that 
local  contractors  believed  that  gravel  could  not  be  handled  successfully 
with  a  suction  dredge  because  200  000  or  300  000  cu.  yd.  would  wear 
out  the  pipes".  The  Sacramento  River  West  Side  Levee  District  is 
using  a  20-in.  suction  dredge  for  levee  construction,  and,  with  this 
dredge,  has  already  placed  1  830  000  eu.  yd.  of  sand  and  gravel,  at  an 
average  cost  of  10.7  cents  per  cu.  yd.  This  cost  is  abnormally  high, 
because  much  of  the  work  was  done  in  short  and  scattered  sections. 


1506  discussion:  reservoirs  for  flood  control 

Mr.  In  one  continuous  section  of  about  5  miles  of  levee,  1  062  000  cu.  yd. 
^'  were  placed,  at  an  average  cost  of  8^  cents  per  cu.  yd.,  these  figures 
including  all  overhead  expenses,  as  well  as  operation,  interest,  depre- 
ciation, and  maintenance.  The  material  varies  greatly,  much  of  it 
being  gravel  suitable  for  concrete.  A  mechanical  analysis  of  one 
section  from  which  material  is  being  borrowed  for  heavy  concrete 
structures,  shows  that  from  62  to  70%  is  gravel  from  i  in.  to  If  in. 
in  size.  It  seems  to  the  writer  that  most  of  this  material  is  harder 
and  sharper  than  that  in  the  river  at  Dayton.  No  new  pipe  has 
been  bought  since  the  work  began,  two  years  ago,  and  none  has  worn 
out.  There  does  not  seem  to  be  any  good  reason  for  gravel  wearing 
the  pipes  more  rapidly  than  sand,  except  perhaps  at  bends.  Sand  is 
considered  a  better  material  for  levee  construction  than  clay,  because 
of  its  immunity  from  the  attacks  of  burrowing  animals,  and  the  fact 
that  it  does  not  shrink  or  crack. 

Apparently,  in  the  Mississippi  Valley,  no  use  has  been  made  of 
the  large  clam-shell  dredges  which  are  the  chief  reliance  for  levee 
construction  on  the  Pacific  Coast.  The  largest  of  these  machines 
have  buckets  with  a  capacity  of  6^  cu.  yd.,  and  booms  up  to  240  ft. 
in  length;  they  can  handle  all  classes  of  material  with  ease,  placing 
it  from  300  to  400  ft.  from  the  point  where  it  is  excavated.  The  writer 
has  seen  the  surprising  statement  that  "a  canal  with  a  base  width  of 
123  ft.  is  practically  the  limit  for  economic  construction  with  the 
floating  dredge  equipment  now  built",  this  comment  referring  to 
dipper-dredges.  .  ,Tr,f|,, 

In  completing  the  Knights  Landing  Cut  previously  referred  to, 
floating  clam-shell  dredges  excavated  a  cross-section  6  000  sq.  ft.  in 
area,  and  with  a  bottom  width  of  from  400  to  500  ft.,  without  rehandling 
any  material.  By  rehandling  half  the  material,  it  is  possible  to  excavate 
a  canal  of  approximately  double  this  width. 

It  may  be  because  of  the  lack  of  adequate  equipment  that  levee 
standards,  generally,  in  the  Mississippi  Valley,  are  quite  inferior  to 
those  in  California.  The  Sacramento  River  West  Side  Levee  District, 
for  example,  protecting  the  river  frontage  of  Colusa  Basin,  has  adopted 
a  general  standard  showing  a  20-ft.  top  width,  an  8-ft.  freeboard, 
and  a  volume  exceeding  that  proposed  for  Dayton,  and  in  general  for 
work  along  the  Mississippi  River,  by  about  40  per  cent.  The  writer 
recently  saw  some  equipment  which  had  been  used  for  levee  construc- 
tion at  Dayton,  consisting  of  a  bucket  operating  on  a  cable  line  sus- 
pended across  the  river  from  crude  wooden  towers,  the  whole  apparatus 
appearing  about  as  obsolete  as  a  "dinosaur''.  He  was  told  that  the 
contractor  had  been  getting  more  than  20  cents  per  cu.  yd.,  and  had 
"gone  broke". 

The  channel  improvement  and  levee  construction  work  of  the 
Sacramento  River  West  Side  Levee  District,  done  by  large  clam-shell 


Mr. 
Petterson. 
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and  suction  dredges,  has  cost  about  40%  of  the  foregoing  figure  at      Mr. 
Dayton,  though  conditions  are  hardly  comparable.  i     e   s. 

It  may  also  be  possible  that  the  cost  of  flood  control,  by  levees'  and 
channel  improvement  as  compared  with  detention  reservoirs,  in  the 
Miami  Conservancy  District,  is  unfavorably  affected  by  the  lack  of 
some  features  which  are  more  or  less  standardized  for  large  dams,  such, 
for  example,  as  protection  on  exposed  slopes.  Experience  on  the  Pacific 
Coast  at  least  has  indicated  that  thick  earthen  embankments  can  be 
completely  destroyed  by  wave  wash  in  a  short  time,  possibly  within 
the  limits  of  the  maximum  time  of  exposure  at  an  essentially  fixed 
elevation  which  may  occur  in  some  of  the  Miami  detention  reservoirs. 
The  writer  does  not  intend  this  in  any  way  as  a  criticism  of  the  very 
thorough  and  carefully  prepared  plans  for  the  Miami  work,  but  rather 
intends  to  indicate  that,  with  conditions  as  they  are  on  the  Pacific  slope, 
the  cost  of  a  given  measure  of  flood  control  by  detention  reservoirs  and 
costly  dams,  as  compared  with  the  same  measure  of  control  by  channel 
improvement  and  levees,  may  be  relatively  greater  than  for  the  Miami 
Conservancy  District. 

H.  A.  Petterson,*  Assoc.  M.  Am.  Soc.  C.  E.  (by  letter). — This 
paper,  written  by  so  eminent  a  man  as  the  late  Gen.  Chittenden,  should 
help  to  remove  some  of  the  bias  which,  to  the  writer's  mind,  exists 
against  the  use  of  reservoirs  in  flood  control  projects. 

As  one  example  of  this  biased  mental  attitude,  from  which  even 
the  author  was  not  free  twenty  years  ago,  the  following  quotation! 
is  offered: 

"Floods  are  only  occasional  calamities  at  worst.  Probably  on  the 
majority  of  streams  destructive  floods  do  not  occur,  on  the  average, 
oftener  than  once  in  five  years.  Every  reservoir  built  for  the  purpose 
of  flood  protection  alone  would  mean  the  dedication  of  so  much  land 
to  a  condition  of  permanent  overflow  in  order  that  three  or  four  times 
as  much  might  be  redeemed  from  occasional  overflow.  One  acre  per- 
manently inundated  to  rescue  three  or  four  acres  from  inundation 
of  a  few  weeks  once  in  three  or  four  years,  and  this  at  a  great  cost, 
could  not  be  considered  a  wise  proceeding,  no  matter  how  practicable 
it  might  be  from  engineering  considerations  alone." 

On  the  supposition  stated,  that  destructive  floods  do  not  occur 
oftener  than  once  in  5  years,  on  an  average,  why  is  it  reasonable  to 
assume  that  the  reservoir  basin  will  be  in  a  condition  of  "permanent" 
ovei*flow?  As  a  matter  of  fact,  most  of  the  area  of  the  basin  would 
be  in  a  dry  condition  oftener  than  lands  between  levees,  or  lands  occu- 
pied by  a  by-pass,  or  auxiliary  channel.  For,  in  the  latter  two  cases,  all 
the  land  would  be  submerged  by  every  flood,  but  only  a  part  of  the 

*  Tientsin,  China. 

t  From  "Reservoir  Sites  in  Wyoming  and  Colorado",  p.   46. 
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Mr.  total  reservoir  woxild  be  submerged  by  the  average  flood.  It  should 
Petterson.  |^^  borne  in  mind  that  the  reservoir  capacity  is  designed  for  a  flood  of 
exceptional  magnitude,  which  will  not  occur  oftener,  on  an  average, 
than  once  in  50  years,  or  longer,  so  that  the  basin  will  be  completely 
filled  only  at  these  rare  intervals  of  time.  If  the  land  is  suitable  for 
agricultural  purposes,  the  greater  part  of  it  could  be  used  for  such 
purposes  more  frequently  than  (1)  lowlands  overflowed  at  every  high 
water,  (2)  lands  between  the  river  and  levee,  (3)  lands  occupied  by  a 
by-pass  or  auxiliary  channel. 

To  illustrate  graphically  the  great  probable  yearly  variation  in 
water  content  of  a  flood  prevention  reservoir,  Fig.  4  is  presented.  It 
is  based  on  data  contained  in  United  States  Water  Supply  Paper 
'Ro.  334.  Table  2  is  based  on  the  same  data  plotted  on  "probability 
paper"  after  the  method  proposed  by  Allen  Hazen,  M.  Am.  Soc.  C.  E.* 
This  table  shows  that  the  reservoir  would  be  full  to  capacity  on  an 
average  of  only  once  in  100  years;  it  would  be  filled  to  four-tenths  of 
its  capacity  ten  times  in  100  years,  or  once  in  10  years,  on  an  average ; 
and  for  nearly  50  years  out  of  every  100  it  would  be  empty  throughout 
the  whole  year.  It  should  be  borne  in  mind  that,  even  during  flood 
years,  the  basin  would  be  completely  empty  during  part  of  the  year. 

TABLE  2. — Yearly  Yarl^tion  in  Storage  Requirement,  from  Data 
OF  Fig.  4.     Reservoir  for  Flood  Prevention. 


Reservoir  capacity 

as  percentage  of 

V     =  p  V   . 
m              m 

Percentage  of  years  that 

p  F,„  will  be  equalled 

or  exceeded. 

Percentage  of  years 

when  capacity  less  than 

p  F,„  will  suffice. 

100 

Vm 

1 

99 

58.5 

^m 

5 

95 

40.2 

^m 

10 

90 

21.8 

V>n 

SO 

80 

11.5 

T^m 

30 

70 

8.0 

^m 

40 

60 

2.8 

V 

50 

50 

0 

Vm 

55 

45 

F^  =  maximum  capacity  for  which  reservoir  i.<  designed. 

p      =  a  percentage. 

Values  of  p  are  tabulated  in  the  first  column. 

Another  instance  of  mental  bias  toward  reservoirs  is  exhibited, 
to  the  writer's  mind,  in  the  statement  that  the  same  reservoir  cannot 
be  used  for  both  flood  prevention  and  storage  for  use,  as  the  two  pur- 

*  "Storage  to  be  Provided  in  Impounding  Reservoirs  for  Municipal  Water  Supply", 
Transactions,  Am.  Soc.  C.  E.,  Vol.  LXXVII   (1914),  p.  1539. 
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Mr.  poses  are  antagonistic.  The  author  has  cited  a  long  list  of  statements 
■  bearing  on  this  subject  in  that  part  of  his  paper  headed  "Conflict  and 
Compromise".  He  shows  that  it  is  possible,  of  course,  to  operate  a 
reservoir  for  these  dual  purposes  if  the  basin  has  sufficient  capacity; 
or,  in  general,  if  it  has  a  volume,  Vg  =  F^  -j-  P„„  where  F„j  is  the 
capacity  required  for  flood  prevention  only  and  P,„  is  the  storage 
for  use. 

The  writer  proposes  to  show  that,  in  many  and  perhaps  the  majority 
of  cases,  a  capacity,  V(.  <  F„,  -\-  P,„,  may  be  utilized  successfully  for 
the  dual  purposes  mentioned.  In  general,  Vc  will  be  equal  to  F,„  -{-  hP^, 
where  &  is  a  factor  the  value  of  which  must  be  determined  for  each 
water-shed,  and  may  be  anything  from  0  to  1. 

Flood  control  by  reservoirs  involves  regulation  of  the  run-off  during 
high  stages,  so  that  the  controlled  run-off,  or  reservoir  outflow,  shall 
not  exceed  a  predetermined  rate.  The  maximum  possible  value  of 
the  outflow  is  equal  to  the  safe  carrying  capacity  of  the  channel. 

This  function  of  a  reservoir  may  appropriately  be  called  "High- 
Water  Regulation." 

"Storage  for  Use"  implies  that  the  unregulated  run-off,  during 
certain  periods  of  low  water,  is  less  than  the  desired  rate  of  draft, 
but,  at  some  stages,  the  run-off  is  in  excess  of  the  draft.  The  water 
impounded  in  the  reservoir  must  be  stored  during  the  season  of  rela- 
tively high  flow,  but  the  function  of  the  reservoir  is  to  augment  the 
deficient  run-off  of  the  stream  during  seasons  of  low  flow,  and  may 
appropriately  be  termed  "Low- Water  Regulation." 

The  expression  "Low- Water  Regulation"  will  be  used  herein  in 
the  same  sense  as  "Storage  for  Use." 

Having  explained  the  sense  in  which  the  expressions,  "High- Water 
Regulation"  and  "Low- Water  Regulation"  are  used,  the  writer  will 
now  attempt  to  prove  that  a  reservoir  can  be  operated  successfully 
*when  fulfilling  the  seemingly  antagonistic  functions  of  preventing 
floods  and  storing  water  for  use,  and  that  the  capacity  of  this  composite 
reservoir  will  be  less  than  the  sum  of  the  volumes  required  for  flood 
prevention  and  storage  for  use,  considered  separately;  or,  in  symbols, 

y  c   "^  -^  m     I     -^  »!  • 

The  Utilization  of  Storage  Reservoirs  for  Both  High-Water  and 
Low-Water  Regulation. 

To  simplify  the  discussion,  it  will  be  taken  up  under  four  heads, 
namely : 

A. — Reservoir  Capacity  for  Low-Water  Regulation  Only. 
B. — Reservoir  Capacity  for  High-Water  Regulation  Only. 
C. — Reservoir  Capacity  for  the  Combined  Function  of  Both  High- 
Water  and  Low-Water  Regulation. 
D. — The  Operation  of  a  Reservoir  Having  This  Dual  Function. 
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A. — Reservoir  Capacity  for  Low-Water  Regulation  Only.  Mr. 

Petterson. 

The  following  symbols  will  be  used: 

P  =  Volume  of  storage  required,  general  value.     Subscripts  will 

be  used  to  denote  particular  values. 
Q  =  Intensity  of  run-off,  variable. 
Q'  =  Mean  run-off. 
D  =  Rate  of  draft,  variable. 
Z>'  =  Uniform  draft. 

The  required  storage,  P,  will  depend  on:  (1)  the  run-off,  Q,  its  dis- 
tribution throughout  the  months  of  any  one  year,  and  its  variation 
.from  year  to  year;  (2)  the  intensity  and  seasonal  variation  of  the 
draft,  D. 

Storage  volumes  may  be  determined  from  hydrographs,  as  on  Fig.  h 
of  Plate  XLVIII,  or  from  mass  curves,  as  on  Fig.  a  of  Plate  XL VIII. 
As  the  methods  of  doing  this  are  well  known  to  all  hydraulic  engi- 
neers, they  call  for  no  explanation. 

It  may  be  worth  while  to  state  that,  when  the  draft  is  uniform, 
=  D\  it  is  shown  as  a  straight  line  on  both  hydrograph  and  mass 
curve;  when  the  draft  is  variable,  =  D,  it  is  either  a  curve  or  irregular 
line  on  both  hydrograph  and  mass  curve.  The  dotted  line,  designated 
as  "Irrigation  Duty"  on  Pig.  h  of  Plate  XLVIII,  is  an  example  of 
variable  draft.  Its  equivalent  on  the  mass  curve  is  the  curved  line, 
"Vector  of  Irrigation  Duty".  Storage  requirements  for  a  variable 
draft  may  be  found  almost  as  readily  as  for  a  uniform  draft.  It  is 
simpler  to  explain  certain  propositions  when  the  draft  is  uniform,  and, 
for  that  reason,  a  uniform  draft,  D',  will  be  assumed. 

The  draft  tentatively  selected  at  the  beginning  of  this  study  was 
D'  =  0.5  Q'.  It  was  desired  to  adopt  a  value,  D',  such  that  only  monthly 
regulation  would  be  required ;  that  is,  no  water  would  have  to  be  carried 
over  from  one  water  year  to  another.  As  shown  later,  a  slight  year-to- 
year  storage  is  necessary  with  D'  =  0.5  Q',  but  no  yearly  storage  is 
required  when  8'  =  0.47  Q'. 

The  maximum  storage  requirements  of  each  year  were  first  deter- 
mined from  a  mass  curve.  These  are  shown  on  Fig.  a  of  Plate  XLVIII 
as  Pg,  P^,  P.,  etc. 

Their  volumes,  in  thousands  of  acre-feet,  are  assembled  in  Table  3 
in  order  of  magnitude. 

How  are  we  to  know  that  the  largest  of  these  values  will  suffice  for 
the  reservoir?  Perhaps  if  there  had  been  10  or  20  additional  years  of 
records,  a  capacity  considerably  greater  might  have  been  found  neces- 
sary. The  paper  by  Mr.  Allen  Hazen,  entitled  "Storage  to  be  Provided 
in  Impounding  Reservoirs  for  Municipal  Water  Supply,"*  furnishes  the 

*  Transactions,  Am.   Soc.  C.  E.,  Vol.  LXXVII   (1914),  p.  1539. 
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Mr.       TABLE  3. — Low- Water  Regulation  Storage,  in  Order  of  ]\'L\gnitude. 
Petterson.  ^,  ^  q_5   ^, 


Year. 

P,  in  thousands 
of  acre-feet. 

1906 

300 

1909 

300 

1912 

450 

1908 

780 

1907 

900 

1911 

1  050 

1904 

1  200 

1910 

1  350 

1915 

1  6110 

1903 

2  900 

•^ 

10  830 

Mean. 

1  083 

TABLE  4. — Yearly  Run-Off,  in  Thousands  of  Acre-Feet. 
(Water  Supply  Paper  No.  300,  pp.  449-451.) 


■: ,  1 

Year. 

Run-off. 

Variation  from  the  mean  =  V. 

p-A 

1903 

7  956 

-  8  644 

1903 

11  364 

-  5  236 

1904 

10  117 

—  0  483 

1905 

19  698 

+  3  008 

1906 

19  472 

+  2  872 

1907 

25  510 

-f-  8  910 

1908 

13  707 

—  2  823 

1909 

25  996 

+  9  396 

1910 

14  383 

—  2  217 

1911 

17  824 

-f  1  224 

Total 

166  027 

Mean  -  16  600  000  acre-ft. 
16  600  000 
728 


23  000  sec-f  t. 


answer  to  ■  these  questions,  and  is  by  far  the  best  discussion  of  this 
subject  that  has  yet  appeared  in  engineering  literature.  Mr.  Hazen  ap- 
plies the  theory  of  probabilities  in  a  very  ingenious  manner.  A  thorough 
understanding  of  that  paper  is  essential  to  a  clear  comprehension  of 
parts  of  the  wi-iter's  discussion.  Figs.  5  and  6  are  reproduced  from 
Figs.  26  and  39,  of  Mr.  Hazen's  paper.  Fig.  5  gives  the  volume  required 
for  regulation  during  any  one  water  year;  Fig.  6  gives  the  annual 
storage,  Py,  which  must  be  carried  over  from  year  to  year.  The  required 
reservoir  capacity,  P„„  will  be  the  sum  of  the  two  volumes  found  from 
Figs.  5  and  6. 


PLATE  XLVIII. 
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PETTERSON    ON 

RESERVOIRS   FOR  FLOOD  CONTROL. 


Fig.  a.-MASS  CURVE  OF  COLORADO  RIVER, AT  YUMA.  10-YEAR  PERIOD. 


Storage  for  flood  regulation  =«^i'^,  F^,  F.  etc.  Maximam^'i^  and  J^ 

Storage  for  regulation  to  11  600  Sec-ft..—P3.  F,.  etc.        Maximum— P, 
•■  23  100  Sec-ft..  (uniform  flow)  =  J/ 


Vectora  tor  Fig.  a 
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The  annual  storage,  Py,  can  be  determined  directly  from  Fig.  6  for       Mr. 


any  stream  for  which  the  following  terms  are  known : 
Q'  =  mean  rate  of  run-off ; 
Z)' =  rate  of  draft; 

V 

c  =  coefficient  of  variation, 


PetteiBon. 


Q" 


"Fe  =  standard  variation 


2  T^ 


-'  where    F  is   the   difference   be- 


tween the  volume  of  mean  yearly  run-off  and  the  rim-off 
for  any  one  year; 
n    =  the  number  of  years  of  record. 

Application  to  the  Stream  Flow  oj  Plate  XL  VI 1 1. — C  =  —^^0.353, 

'J 
for  the  data  of  Table  4,  where  the  values  of  V  are  given  in  the  third 
column,     n  =  10. 


0.5       0.6      0.7     0.8  0.9 1.0 


Fig.  5. 


1514 


DlSCUSSIOy  :   T^ESEEVOIRS   FOR   FLOOD   CONTROL 


Mr. 
Petterson. 


The  abscissas  of  Fisj.  6  =  k  = 


Q'  D'        Q' (1  —  0.5) 


=   1.42,  nearly. 


c  Q'         Q'  X  0.353 
The  annual  storage  requirement  for  the  95%   year  is  seen  to  be 
almost  negligible  for  h  =  1.42,  and  would  be  zero  for  h  ^=  1.5. 
The  corresponding  value  of  D'  is  0.47  Q'  (for  Ic  =  1.5). 
This  would  be  the  maximum  rate  of  draft  to  use  for  low-water  regu- 
lation for  the  minimum  cost  of  the  reservoir  per  second-foot  of  draft. 
Storage  carried  over  from  year  to  year  is  not  considered  economically 
advisable  by  many  engineers,  except  for  uses  where  the  water  has  a 
very  high  value.     The  late  George  W.  Rafter,  M.  Am.   Soc.   C.  E., 
advises*  against  the  adoption   of  rates   of  draft   so  high  that  yearly 
storage  is  imperative. 
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Pig.  6. 
The  maximum  storage  for  daily  and  monthly  regulation,  or  for  sea- 
sonal regulation,  may  be  determined  from  Fig.  5  by  the  following  pro- 
cedure : 

(1)  Determine  the  mean  storage,  P',  for  the  years  of  record.  P'  is 
the  arithmetical  mean  of  the  maximum  values  of  P  for  each 
year.     F  =  1  083  000  acre-ft.  for  the  data  of  Table  3. 

(2)  Express  P'  in  days  of  storage  for  the  draft,  D'. 

(3)  Determine,  from  the  curve  of  the  mean  year.  Fig.  5,  the  storage 
required  for  the  draft,  D' .     Call  this  value  P' xl- 

(4)  P' v£  —  P'  =  the  value  to  be  subtracted  from  any  other  curve 
of  Fig.  5,  as  the  curve  of  the  95%  year,  or  the  98%  year,  etc., 
to  obtain  the  probable  value  of  P^  for  the  conditions  of  the 
stream  under  investigation  and  the  assumed  "year  of  dryness." 

*  "Hydrology  of  the  State  of  New  York." 
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From  Tables  3  and  4,  the  following  values  are  obtained: 
2Q'=1G  600  000  acre-f  t.  per  year, 
or  Q'  =  23  000  see-ft. 

Z)'  =  0.5  Q'  =  11  500  sec-ft.  =  22  SOO  acre-ft.  per  day. 

(1)  P' =  1  083  000  acre-f  t. 

(2)  P'  =  4T.5  days  storage  at  rate  D'. 

From  Fig.  5 : 

(3)  P'x^  =  100  days  storage  at  rate  B'  =  0.5Q'. 

(4)  P'^.^  -P'  =  52.5. 

P'nl  (95%  year)  =  168  days. 
P'.xL  (98%  year)  =  185    " 

Probable  storage  for  stream  of  Plate  XLYIII: 
Pm  (95%  year)  =  (168  —  52.5)  days  =  2  615  000  acre-ft. 
Pm  (98%  year)  =  (185  —  52.5)      "     =3  022  000  acre-ft. 

Percentage  of  Years  when  Less. 
Hi  5  10    15    20       30     40      50      CO      70       80    85     90         95 


Mr. 
Petterson. 


99 


3500  r£ 


15    20        30     40      50     60      70       80    S5     90 
Percentage  of  Years  when  Less. 
Fio.  7. 

To  check  these  results,  the  data  of  Table  3  have  been  platted  on 
probability  paper,  as  shown  on  Fig.  7.  The  records  are  too  short  to 
secure  a  regular  curve. 

A  value  of  P,„  =  2  700  000  acre-ft.  will  be  selected  for  the  95% 
year.  Storage  based  on  the  95%  year  is  recommended  for  general  use 
by  Mr.  Hazen. 
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Mr. 
Petterson. 


This  storage,  P„,,  is  to  be  used  to  augment  the  low-water  flow, 
during  periods  of  deficiency,  so  that,  throughout  every  year,*  a  rate 
of  draft,  D',  may  be  used  safely.  Now,  it  is  self-evident  that  the 
reservoir  should  be  full  at  the  beginning  of  the  season  of  low  water, 
but,  as  water  is  drawn  upon  for  use,  the  reservoir  becomes  gradually 
depleted,  and  at  the  end  of  the  worst  season,  it  will  be  entirely  empty. 


Months  of  the  Year. 
STORAGE  REQUIREMENT  BY  MONTHS. 


Thus,  on  Fig.  8,  the  intercept,  r  B,  is  the  same  as  P^  of  Fig.  a,  Plate 
XLVIII.  This  represents  the  maximum  storage  required  for  this 
particular  season  of  low  flow  (which  begins  about  the  end  of  July, 
1903,  and  ends  about  the  beginning  of  May,  1904). 

The  capacity,  r  B,  is  required  at  the  beginning  of  the  season  of  low 
flow;  not  at  its  termination.  Thus,  a  volume,  A  a  =  r  B,  must  be  im- 
pounded by  the  end  of  July,  1903.  The  storage  volumes  necessary  at 
the  ends  of  other  months  are  given  in  Table  5. 

This  method  was  applied  to  all  the  10  years  of  record,  with  results 
as  assembled  in  Table  6. 

*  Storage  computed  for  the  95%  year  signifleB  that  it  will  be  of  ample  capacity  in  'J5 
out  of  every  100  years  :  but.  during  5  years  in  a  century,  a  greater  volume  will  be  needed. 
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'1 

'AEi 

.E  5. 

Mr. 
PettersoD 

End  of: 

July. 

Aug. 

Sept. 

Oct. 

Nov. 

Dec. 

Jan. 

Feb. 

Mar. 

Apr. 

a  A 
0 

6s 

ct 

d  u 
In 

e  V 
m  V 

f  w 
n  w 

g  X 
ox 

hy 

py 

iz 
qz 

0 

j  s       kt 

r  B 

TABI 

.E  6. 

— Low-Water 

Regulation. 

Required  storage  *  in  thousands  of  acre-feet,  to  ensure  a  sufficient 
supply  during  the  remainder  of  the  season  of  low  flow.     For  a  draft, 


Q' 

^-    2- 

Year. 

Aug. 

Sept. 

Oct. 

Nov. 

Dec. 

Jan. 

Feb. 

Mar. 

April. 

1903 

2  700 

2  500 

2  300 

1900 

1500 

800 

350 

190t 

1200 

1  100 

1000 

700 

250 

950 

500 

200 

1905 

1  600 

1360 

1  120 

900 

700 

1900 

200 

300 

300 

150 

300 

1907 

900 

700   . 

1908 

78U 

600 

330 

250 

350 

1909 

300 

150 

220 

100 

1910 

1  180 

870 

600 

400 

100 

1911 

1050 

950 

850 

1912 

450 

350 

300 

250 

350 

Sum 

7  330 

7  260 

7  570 

6  630 

4  570 

2  850 

850 

200 

Mean.... 

733 

726 

757 

663 

457 

285 

85 

20 

*  storage  at  end  of  each  month,  or  beginning  of  succeeding  month,  tabulated. 
The  months  in  this  table  are  those  of  deficient  flow.  May,  June,  and  July  always  have 
an  excess  flow,  and  it  is  during  this  period  that  the  reservoir  must  be  filled.  The 
remainder  of  the  year  is  one  of  depletion,  during  dryest  years.  ,; 


Let  P^  =  Probable  maximum  storage  requirement  at  end  of 
January  for  95%  year; 

F^  =  Probable  maximum  storage  requirement  at  end  of  Febru- 
ary for  95%  year; 

Pj,  =  Probable  maximum  storage  requirement  at  end  of  Decem- 
ber for  95%  year. 

The  method  of  probabilities  could  be  applied  to  the  data  compiled,  or 
in  Table  6,  and  the  probable  maximum  storage  requirements,  Pj,  P„, 
etc.,  Pjo»  determined. 
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Mr. 
Petterson. 


For  the  stream  flow  of  Plate  XLVIII,  a  better  method  is  as  follows : 

(1)  May,  June,  and  July  are  the  months  of  excess  flow,  when  the 
reservoir  will  have  to  be  filled. 

(2)  The  other  months  of  the  water  years  are  those  of  deficient  flow, 
when  the  water  impounded  in  the  reservoir  must  be  drawn 
upon.  The  season  of  deficient  flow  may  be  said  to  begin  at 
the  end  of  July  and  terminate  at  the  end  of  April  or  the 
beginning  of  May. 

(3)  Hence,  determine  from  the  run-off  records,  by  applying  the 
theory  of  probabilities,  the  probable  minimum  run-off  in  the 
95%  year,  for  the  following  periods: 

(a)  April  =  2  0^. 
'  (h)  March  and  April  ^  2  Q^. 

(c)  February,  March,  and  April  =  2  ().,. 

(d)  January,  February,  March,  and  April  =  2  Q^, 
etc.,  etc.,  etc. 

(i)  August,  September,  October,  November,  December,  Janu- 
ary, February,  March,  and  April  =  2  Q^. 

(4)  Let  the  total  draft  for  each  of  these  periods,  in  the  order 
listed  imder  (3),  be  2  D^,  2  D„_,  2  i»,,  etc. 

Then  the  required  storage  at  the  end  of  each  month  is  as  shown  in 
Table  7. 

TABLE  7. 


End  ot: 


July 

August 

September.. 

October 

November... 
December... 

Januai'y 

February ... 

March. 

April 


Storage,  P. 


Value  of  P. 


2  Z>8  -  5  ^9 
2  Ds  -  2  Qs 
2  Pt  —  2  §7 
2  2)e  —  2  Vb 
2  Ds  -  2  Or, 
2  C4  -  2  Q-. 
2  i>8  -  2  03 
2  D2  —  2  §0 
2  Di  -  2  ^1 
0* 


*  No  storage  Is  required  by  the  end  of  April,  or  the  first  of  May,  because  the  run- 
off in  May  is  always  in  excess  of  the  draft,  D'. 


This  procedure  has  been  carried  out,  and  the  results  are  given  in 
Table  8. 

The  storage  at  the  end  of  July  is  the  maximum  for  which  the 
reservoir  need  be  designed.  This  volume.  P.,  will  be  taken  at  2  700  000 
acre-ft. 

The  argument  that  the  reservoir  must  be  kept  full  at  all  times  is 
manifestly  illogical.     The  storage  required  at  the  end  of  March,  for 


DISCUSSIOX:    EESERVOIKS   FOR   FLOOD   COXTROL 


1519 


TABLE  8. — Probable  Maximum   Storage*  Required  at  the  End  of      Mr. 

Each   Month   of   the   Season   of  Deficient   Flow,  Petterson. 

FOR  the  95%  Year  of  Dryness. 
Draft  =  0.5  Q'.    Based  on  Curves  of  Fig.  9. 


2y 
95%  year. 

Quantities,  in  Thousands  of  Acre-Feet. 

2D 

(3) 

Storage,  P. 
(4) 

P 

(5^ 

Required  at  end  of^: 

(6) 

(I) 

(21 

2  Q» 

-  Vt 

3  .550 

2  900 
2  400 
2  000 

6  221 

5  515 

4  831 
4  125 
3  441 
3  735 
2  029 
1  390 
684 

(         3  700* 

j         3  671 

2  615 

2  431 

2  135 

1  891 

1  485 

1  139 

730 

364 

1 

Pa 
Po 
Pio 
Pii 

Pl2 

Pi 

P-2 

Pa 

July. 

August. 

September. 

October. 

November. 

December. 

January. 

February. 

March. 

2  Or. 

1  550 

1  250 

890 

670 

330 

*  Figure  adopted  for  maximum,  95%  year. 

instance,  is  only  enough  to  tide  over  the  low  flow  in  April.  The  value, 
P3,  selected  is  such  that  it  will  be  ample  in  95  years  of  every  century; 
and  so  on  for  other  months,  the  maximum  volume  that  need  be  in 
the  reservoir  is  that  tabulated  in  Column  4  of  Table  8. 

During  what  season  of  each  year  is  this  2  700  000  acre-ft.  of  water 
to  be  impounded?  In  the  95%  year,  it  is  manifestly  impossible  to 
secure  it  during  the  interval  from  August  1st  to  April  30th,  as  the 
total  run-off  is  less  than  the  draft  by  just  the  amount  of  this  storage. 
During  the  dryest  years,  then,  the  water  must  be  impounded  in  May, 
June,  and  July,  which  are  the  months  of  replenishment.  If  the 
run-off  of  these  3  months  is  enough,  in  the  95%  year,  to  maintain 
the  rate  of  draft,  D',  and  yet  allow  of  replenishing  the  reservoir  by 
2  700  000  acre-ft.,  it  will  be  more  than  enough  to  do  this  in  wetter 
years. 

It  should  be  noted  that  the  minimum  flow  for  any  month  need 
not  occur  in  the  same  year  as  the  minimum  flow  for  2  or  3  con- 
secutive months,  which  include  the  month  in  question.  Also,  the 
minimum  run-off  during  the  months  of  replenishment  need  not 
necessarily  occur  in  the  same  water  year  as  the  one  requiring  maximum 
reservoir  capacity. 

The  following  procedure  is  then  evidently  on  the  safe  side: 

(1)  From  the  records  of  run-off  during  July  of  each  year,  deter- 
mine the  probable  minimum  run-off  of  the  95%  year. 

(2)  Do  the  same  for  the  combined  run-off  of  June  and  July. 

(3)  Do  the  same  for  the  combined  run-off  of  May,  June  and  July. 

The  procedure  is  similar  to  that  of  Fig.  9. 
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Mr. 
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Let  the  probable  minimum  values  of  the  run-off,  95%  year,  be  called: 
2  Q^  for  July. 
-S  Qb  "  June  and  July. 
2'  Qc  <■<■  May,  June,  and  July. 
Also,  let  2  Dj,  2  Dg,  and  2  Be  =  the  draft  for  the  corresponding 
intervals.  magnitude  of  seasonal  run-off 

IN   DIFFERENT  WATER  YEARS. 


1  5  10     15    20         30      40      50      60      70        SO    85     90         95 

Percentage  of  Years  when  Greater. 
Fig.  9. 

Then,  2  Q^  —  S  B ^  =  P ^  —  storage  available  during  July  of  the 

95%   year. 

^  Qb  —  ■2'  Bjg  =  Pg  =z  storage  available  during  June  and  July  of 

the  95  %  year. 

2  Qc  —  2  Bq  =  Pc  =  storage   available   during  May,  June,  and 

July  of  the  95%  year. 
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On  the  assumption  previously  made,  P^,  must  be  equal  to  or  greater       Mr 


than  P^  =  the  maximum  reservoir  capacity.  _ 
Results  were  obtained  as  shown  in  Table  9. 


Petterson. 


TABLE  9* 


Months. 


May,  June,  and  July. 

June  and  July 

July 


Run-off, 

95%  year, 

=  2  0. 


5  OOOt  (. 
4  800   ( 
3  000 
750 


2  D 


1  390 

706 


Excess 

run -off 

=  storage. 


3  904 

2  704 

1  610 

4J 


PC 
PB 
Pa 


*  Quantities  in  thousands  of  acre-feet. 

t  Probable  minimum  is  in  excess  of  quantity  desired,  so  a  smaller  value  is  used. 


Storage  required  iu  the  reservoir  by  the  end  of  July  =  Pf.  =  P- 

u  tt        u     Li         ..  u     ..      :.     ii  June  =  P 

' "      -     -  May  =P,.  — P„=R. 


Pa=P,. 


Case  1. — From  the  foregoing: 

P5  =  Pf  —  Pb  =  1  094  000  acre-ft. 
Pg  ^  P^_P  .J  =:  2  660  000     "     " 
P7  =  Pp  =2  704  000     "     '' 

Pa  is  actually  204  000  acre-ft.  in  excess  of  the  required  value  of  P-,  and 
a  smaller  value  of  .2  Q^  was  used  than  its  probable  value  for  the  95% 
year. 

The  foregoing  procedure,  Case  1,  determines  the  largest  values  of 
Pg  and  Pg  necessary,  and  is  based  on  a  minimum  flow  for  May,  June, 
and  July. 

Case  2. — The  run-off  during  May  will  not  always  permit  of  a 
storage  of  1  090  000  acre-ft.  during  that  month,  as  shown  by  figures 
in  Table  10  based  on  the  95%  year. 


TABLE  10. — Run-off  and  Storage  for  95%  Ye.\r. 
Quantities,  in  thousands  of  second-feet. 


Months. 


May 

May  and  June 

May,  June,  and  July. 


Runoff  in 

95%  year, 

=  2y. 


1  600 

3  850 

4  800 


Excess 

run-off 

=  possible 

storage. 


706 

1  390 

2  096 


894 
2  460 
2  704 


Mr. 
Petterson. 
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TABLE  11. — Comparison  of  Cases  1  and  2, 


A'iLUES  OF  P,  IN  Thousands  of 

ACRE-FliET. 

Increment  of  Storage  During  Each 
Month. 

Case  1. 

Case  2. 

Case  1. 

Case  2. 

Month. 

1  094 

2  660 

3  704 

894 
2  460 

2  704 

1  094 

1  566 

44 

894 

1  566 

244 

May. 
June. 
July. 

The  apparent  discrepancy  is  explained  by  the  plausible  supposition 
that  the  minimum  rmi-off  for  May  will  not  occur  in  the  same  year 
as  the  minimum  run-ofi  for  July. 

B. — Reservoir  Capacity  for  High-Water  Regulation  Only. 

As  in  the  case  of  low-water  regulation,  the  capacity  of  a  reservoir 
for  high-water  regulation,  or  flood  prevention,  depends  on  the  run-off 
and  the  rate  of  draft. 

The  draft  for  high-water  regulation  is  the  rate  which  can  be  dis- 
charged safely  from  the  reservoir  during  the  flood  period.  This  rate 
will  be  called  q.  The  maximum  possible  value  of  q  is  equal  to  the 
safe  carrying  capacity  of  the  river  channel  below  the  reservoir. 
■S^o  {Q  —  q)  =  F,  the  storage  required  for  any  flood. 

Here  T  represents  the  duration  of  the  flood,  or  the  time  in  which 
Q  is  greater  than  q. 

F  obviously  depends  on  the  duration  of  high  waters  as  well  as  on 
the  intensity  of  flow.  This  is  well  illustrated  in  Figs,  a  and  h  of 
Plate  XLYIII,  where  the  assumed  value  of  g  =  45  000  sec-ft.  The 
volumes  of  F  are  proportional  to  the  shaded  areas  in  Fig.  h.  In  Fig.  a 
some  of  the  floods  of  high  intensity  are  seen  to  require  a  very  small 
storage  volume. 

Seasonal  Occurrence  of  Floods. — A  great  deal  might  be  written  on 
the  seasonal  occurrence  of  floods,  but  only  one  idea  will  be  discussed. 

Granting  that  floods  may  occur  at  any  time  on  a  particular  river, 
it  is  practically  universally  true  that  there  is  a  prevailing  season  when 
the  maximum  floods  arise.  This  is  particularly  true  if,  by  maximum 
floods,  we  mean  those  requiring  the  largest  storage  volume  to  regulate 
to  safe  flow,  q. 

In  Table  12  is  assembled  the  capacities,  F,  for  all  the  floods  during 
the  S  years  of  records.  The  storage  is  written  under  the  month  in 
which  the  flood  began. 

It  will  be  seen  that  all  the  larger  floods  began  some  time  in  May. 
These  larger  floods  are  of  long  duration,  and  last  well  into  July.  Only 
the  month  in  which  the  floods  commence  is  of  importance,  however. 
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as  will  be  seen  later  in  the  discussion  of  a  reservoir  for  both  low-       Mr. 
and  high-water  regulation.  Petterson. 

The  storage  capacity  required  for  the  largest  floods  of  each  year 
is  plotted  on  Fig.  10  for  the  purpose  of  determining  the  probable 
capacity,  F,,^,  for  the  95%  year.  From  Fig.  10  it  is  taken  as  7  150  000 
acre-ft. 


Percentage  of  Years  when  Less. 
10      15    20        30      40     50      60      70         80    85     90 


8000 


7000 


6000 


5000*^ 


3000 


2000 


1000 


10      15    20        30      40      50      60      70 

Percentage  of  Years  when  Less. 
Pig.  10. 


85     90 


In  the  same  way,  the  probable  maximum  capacities  in  the  95% 
year,  for  floods  commencing  in  each  of  the  months  might  be  obtained. 
In  the  case  of  the  data  of  Table  12,  this  procedure  is  not  feasible 
because  of  the  many  blanks  in  the  record,  or  years  when  no  floods 
occur  during  such  months. 
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As  a  rough  approximation — which  does  not  pretend  to  any  reason- 
able degree  of  truth,  but  errs  grossly  on  the  side  of  safety — the  curves 
for  each  month  were  assumed  to  be  parallel  to  the  regular  line  of 
Fig.  10,  and  to  pass  through  the  mean  value  in  the  50%  line.  The 
quantities  of  Table  13  were  thus  obtained.  There  is  no  doubt  that 
the  values  of  F  listed  in  Table  13,  with  the  exception  of  F^.,  are  much 
larger  than  they  should  be.  However,  it  was  desired  to  err  on  the 
safe  side. 


TABLE    12. — Storage   Capacity,   in   Thousands   of   Acre-Feet,   for 
Floods  Beginning  During  Any  Month. 


Year. 

Jan. 

Feb. 

Mar. 

Apr. 

May. 

June. 

July. 

Aug. 

Sept. 

Oct. 

Nov. 

Dee. 

1905..'  ........ 

1906 

1907 

1908 

1909 

1910 

71.9 

123.9 

.... 

591.0 

105.1 
47.2 

251.1 
'43.2 

'  5.7 

1  850 

2  700 
6  450 

6  100 

719.0 
1  560 

3  900 

328.0 
385  5 

63 

4 

651.0 

qo  3 

213.0 

29.7 

ioiig 

1911 

19ia 

Summation.. . 

71.9 

123.9 

743.3 

300.0 

23  279 

713.5 

63.4 

e.il.O 

92.3 

213.0 

131.6 

9.0 

,,.5 

92.9 

37.5 

2  910 

89.1 

7  9 

81.4 

11.5 

215.6 

16.4 

TABLE    13.  —  Flood    Prevention    Eeservoir.  —  Maximubi    Assumed 

Storage,  in   Thousands  of  Acre-Feet,  for  95%   Year, 

FOR   Floods   Beginning   in   Months   Listed. 


Month. 


January. .. 
February. . 

March 

April    

May 

June 

July 

August 

September 
October  . . . 
November. 
December. 


From 
records. 

(a) 


71.9 
123.9 
591.0 
351.1 
645.0 
385.5 


63.4 
651.0 

92.3 
213.0 
101.9 


Probable 

9500  vear.* 

(b) 


4  249 
4  255 
4  333 


7  150 1 
4  339 
4  240 
4  248 
4  821 
4  253 
4  267 
4  256 


F2 
Fs 
Fi 
Fs 
Fe 

F-! 

Fs 
Fs 
Fio 
Fii 

Fi2 


Ratio, 

(/» 


59 
34.3 

7.32 
17.05 

I.IOS 
11.24 

67"" 
6.64 
46.1 
20 

41.8 


♦  Figures  for  all  months  but  May  obtained  by  adding  (7  150-2  9101  —  4  240  to 
the  mean  quantities  of  Table  12,  4  240  =  difference  between  maximum  and  mean  ot 
floods  commencing  in  May. 

t  From  Fig.  10. 
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C — Reservoir   Capacity   for  the   Combined  Function   of  Both   High-  _    Mr 
Water  and  Low- Water  Regulation. 

If  a  reservoir  had  a  quantity,  P,  impounded  at  the  beginning  of 
a  flood  flow,  and  a  volume,  F,  were  required  to  regulate  the  high  water 
to  safe  flow,  q,  the  combined  capacity  of  the  reservoir  would  evidently 
be  y  =  2^  -|-  P.  Now,  the  required  maximum  capacities  that  need 
be  stored  in  the  reservoir  at  the  end  of  each  .month  have  already  been 
determined,  and  are  equal  to  P^,  P^,     .     .     .    P^^. 

The  maximum  probable  values  of  F,  for  floods  commencing  in  any 
month  are  also  assumed  to  be  known.  If  the  flood  commences  in  the 
earlier  i^art  of  the  month,  the  quantity.  P .  already  stored,  is  equal  to 
that  required  at  the  end  of  the  preceding  month;  and,  if  the  flood 
begins  near  the  end  of  any  month,  the  quantity,  P,  impounded,  is 
that  required  at  the  end  of  that  month. 

In  Table  14  the  combinations  of  F  and  P,  for  any  month,  that  will 
give  the  greater  result  are  listed. 

The  capacity,  V c,  for  which  the  composite  reservoir  having  a  dual 
function  must  be  designed,  is  the  maximum  of  these  combinations  of 
F  -\-  P,  and  is  found  to  be  8  240  000  acre-ft. 

TABLE  14.— Storage  Capacities,  F,  and  P,  and  F  -\-  P,  in  Thousands 

OF  Acre-Feet. 


F 

P 

p+p 

Fi 

4  249 

1  485 

Pi  2 

5  734 

Fo 

4  255 

1  159 

-Pi 

5  394 

Fa 

4  333 

720 

P2                 j 

5  053 

Ft 

4  277 

364 

P8 

4  641 

F5 

1             7  150 

Pi 

7  150 

'(             7  150 

1  090 

P5 

8  240 

F„ 

4  339 

i             1  090 
1             2  660 

-P5 

5  429 

6  999 

F7 

4  240 

2  700 

P-r                 ! 

6  940 

Fs 

4  248 

2  700 

P7 

6  9-18 

F9 

4  321 

2  615 

Ps                  1 

fi  936 

4  252 

2  431 

Po 

6  683 

Fii 

4  267 

2  125 

Pio 

6  392 

F12 

4  256 

1  891 

Pll 

6  147 

Summary  of  Results. — The   following  gives   the  required   storage, 
in  thousands  of  acre-feet: 

(A)  Reservoir  for  low- water  regulation  only =  P,„  =  2700 

(B)  "  "     flood  prevention  only =  F„^  =  7150 

(C)  "  "     combined  function  of  A  and  P.   =  7^  =  8240 

Sum  of  P,„  -f  P„, =  9850 

Saving  in  capacity  by  using  composite  reservoir =  1610 

or  7,  =  P^  +  0.403P„,. 
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In  general,  Fp  =  F„j  -|-  6P„,,  where  h  will  always  be  less  than  1 
and  frequently  will  be  less  than  0.5.  Further  generalizations  cannot 
be  made.  The  hydrologic  data  of  each  water-shed  must  be  given 
individual  study. 

In  case  a  larger  rate  of  draft,  D,  were  assumed,  so  that  a  yearly 
storage,  Py,  is  required,  in  addition  to  that  for  seasonal  or  monthly 
regulation,  it  would  be  added  to  the  values  of  P^,  P^,  etc.,  so  that 
P„,  would  be  increased  by  the  amount,  Py,  as  would  also  Vg. 

If  the  draft,  D',  is  increased  greatly,  it  will  be  found  that  as  D' 
approaches  its  limit,  Q\  the  reservoir  must  of  necessity  act  as  a 
regulator  of  both  high  and  low  flows.  It  must  store  all  excess  ruu-ofi, 
in  order  to  impound  an  adequate  supply  for  the  seasons  of  low  water. 

The  volume,  designated  as  U  on  Fig.  a  of  Plate  XLVIII,  is  that 
required  to  regulate  to  uniform  flow,  or  where  D'  =^  Q' .  This  storage 
is  nearly  19  000  000  acre-ft.,  or  about  seven  times  the  storage  necessary 
to  regulate  to  a  draft,  T)'  =  0.5  Q',  and  2.3  times  the  capacity  deter- 
mined for  Fp,  for  combined  flood  prevention  and  low-water  regulation 
to  a  draft  of  one-half  of  the  mean  flow. 

With  the  lower  rates  of  draft,  the  storage,  P,„,  is  small,  and  F,n 
is  relatively  large,  but,  with  the  higher  rates  of  draft,  P,„  becomes 
larger  than  F,„.  Finally,  F^  =  zero  and  P,„  =  V^,  because  all  flood 
flows  must  be  conserved  in  order  to  provide  the  water  which  is  to 
sustain  the  draft. 

D. — Operation  of  a  Reservoir  Having  the  Dual  Function  of  Prevent- 
ing Floods  and  Storing  AVater  for  Use. 

The  storage  quantities  computed  in  "A"  are  those  required  for 
the  worst  conditions  assumed.  In  years  of  greater  run-off  a  less 
quantity  could  be  safely  impounded,  but  wet  and  dry  years  cannot 
be  safely  predicted.  No  weather  prediction  whatever  is  needed,  how- 
ever.   The  reservoir  operator  is  given  instructions  somewhat  as  follows : 

Conserve  all  run-off  during  each  month*  of  replenishment  until  the 
required  volume  of  water  for  that  month  is  impounded. 

As  soon  as  the  required  volume  has  been  impounded,  all  excess 
inflow  may  be  wasted. 

The  volume  of  water  which  must  be  in  the  reservoir  by  the  end 
of  each  month  has  been  determined  before  the  reservoir  was  built.  A 
table  can  be  given  to  the  operator,  with  these  volumes  expressed  in 
height  of  water  surface.  He  has  only  to  observe  water  elevations  on 
a  graduated  rod  or  gauge. 

Thus,  for  the  theoretical  reservoir  discussed  herein:  On  May  1st 
commence  conserving  all  excess  run-off  until  the  storage,  Pg,  has  been 

*  These  are  May,  June,  and  July  for  the  stream  studied.  The  particular  months 
will  always  be  known  for  any  stream. 
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accumulated.     If  the  volume,   P^,   has   been   accumulated  before   the       Mr. 
end  of  May,  the  remaining  inflow  may  be  wasted.     There  is  no  need 
of  a  greater  volume  before  June  1st. 

During  June  conserve  all  excess  run-off  until  a  water  level  is  reached 
corresponding  to  the  storage,  Pg.     Maintain  this  level  until  July  1st. 

Of  course,  if  the  level  for  storage,  P^,  say,  has  been  reached  early 
in  May  and  shortly  afterward  a  heavy  and  prolonged  run-off  ensues, 
far  in  excess  of  maximum  allowable  outflow,  the  reservoir  level  will 
rise.  If  the  flood  flow  is  exceptional,  the  reservoir  (of  volume,  Fg) 
may  be  completely  filled;  but  such  contingencies  have  been  provided 
for  in  determining  the  volume,  V c- 

The  reservoir  being  assumed  to  be  completely  filled,  or  with  water 
level  higher  than  necessary  for  any  month,  it  would  be  depleted  at 
the  rate,*  q  -\-  D',  until  the  required  level  was  reached. 

The  reservoir  capacity,  V c,  was  designed  for  the  95%  year.  Floods 
may  occur — at  rare  intervals — which  would  overtax  this  capacity.  The 
writer  believes  that  the  spillway  should  be  designed  for  such  con- 
tingencies that  the  volume  above  the  spillway  overflow  may  exert  its 
reductive  effect  after  the  reservoir  has  been  filled;  in  other  words, 
that  flood  prevention  reservoirs,  of  the  type  discussed  by  the  author, 
should  be  considered  as  a  safety  factor,  and  not  as  the  main  defense. 
The  writer  believes  that  "Impeding  Reservoirs"  would  be  a  better  name 
for  basins  of  this  class,  with  spillway  outlets,  to  distinguish  them 
from  "Detention  Basins"  with  orifice  outlets.  The  ideal  reservoir  for 
flood  prevention  and  storage  for  use  would  thus  be  a  comi^osite 
reservoir,  consisting  of: 

1. — A  lower  volume,  of  capacity,  P^n,  which  is  a  storage  reservoir, 
but  differing  from  previous  conceptions,  in  that  the  water 
level  does  not  need  to  be  kept  at  a  fixed  elevation,  but  varies 
from  month  to  month.  Also,  large  controlled  outlets  should 
be  provided  to  allow  of  wasting  this  water  when  desired. 

2. — An  upper  volume,  of  capacity,  Fg  —  -?*?«»  with  orifice  outlets. 
This  portion  is  a  detention  basin. 

3. — The  temporary  storage  above  the  overflow,  provided  as  a 
factor  of  safety. 

To  repeat,  in  closing :  The  lower  storage  basin,  of  volume,  P^, 
allotted  for  low-water  regulation,  does  not  have  to  be  kept  full  at  all 
times,  but  can  be  operated  on  a  definite  schedule  of  water  levels  and 
time. 

•  Discharge,  q,  through  wasteways  or  gates. 

"        D,  through  controlled  outlets  to  conduit,  or  pipe  lines. 
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Mr.  If  the  prevailing  season  for  worst  floods  does  not  synchronize  with 

■  a  full  storage  basin,  a  considerable  part  of  the  volume,  P^,  is  avail- 
able for  storing  flood  waters,  and  the  volume  of  the  detention  basin 
may  be  reduced  accordingly.  The  capacity  of  the  composite  reservoir, 
therefore,  may  be  considerably  less  than  the  combined  volumes  of  two 
separate  reservoirs,  one  of  which  is  used  for  low-water  regulation  only, 
and  the  other  is  utilized  for  flood  prevention  only. 

Mr.  Ivan  E.  Houk*  Assoc.  M.  Am.  Soo.  C.  E.  (by  letter).— The 
Engineering  Profession  is  certainly  much  indebted  to  the  late  Gen. 
Chittenden  for  this,  his  last,  contribution,  as  well  as  for  his  earlier 
writings.  maniVi 

As  a  general  rule,  the  only  feasible  method  of  utilizing  a  detention 
basin  for  both  water  power  and  flood  prevention  seems  to  be  that 
suggested  by  the  author,  namely,  to  use  the  capacity  up  to  a  certain 
elevation  for  storage  purposes  and  above  that  elevation  for  flood  pre- 
vention. Although  cases  may  occvir  where  automatic  control  of  the 
part  used  for  flood  prevention  will  not  be  practicable,  such  as  the  one 
described  by  Mr.  Meyer,  the  writer  believes  that  no  other  method 
should  be  adopted  except  when  ab.solutely  necessary. 

The  writer  does  not  believe  that  the  design  and  operation  of  a 
detention  basin  such  as  proposed  by  Mr.  Petterson,  would  be  advisable. 
Although  the  paper  by  Allen  Hazen,  M.  Am.  Soc.  C.  E.,  on  "Storage 
to  be  Provided  in  Impounding  Reservoirs  for  Municipal  Water  Sup- 
ply"! is  to  be  highly  commended,  the  application  of  the  theory  con- 
tained therein  to  the  design  and  operation  of  a  detention  reservoir 
for  the  purpose  of  flood  prevention,  as  proiX)sed  by  Mr.  Petterson, 
does  not  seem  to  be  justified.  Such  a  study  might  be  made  as  a  matter 
of  interest  in  investigating  a  project  where  stream-flow  records  are 
available  for  a  considerable  period,  but  the  conclusion  drawn  by  Mr. 
Petterson  at  the  end  of  his  discussion,  namely,  that  "the  capacity  of 
the  composite  reservoir,  therefore,  may  be  considerably  less  than  the 
combined  volumes  of  two  separate  reservoirs,  one  of  which  is  used  for 
low-water  regulation  only,  and  the  other  is  utilized  for  flood  prevention 
only",  as  a  rule,  will  not  stand  the  test  of  application  to  particular 
cases. 

In  the  example  chosen  by  Mr.  Petterson — the  Colorado  River  at 
Yuma — most  of  the  floods  are  caused  by  melting  snows.  Consequently, 
they  occur  at  about  the  same  season.  Even  in  this  case,  however,  it 
would  not  seem  advisable  to  assume  that  the  maximum  storage  will 
always  be  required  in  a  certain  month.  If  it  should  be  required  a 
month  later  than  Mr.  Petterson  has  assumed,  the  total  required  capac- 
ity   would    be    7 150  000    acre-ft.    -f    2  660  000    acre-ft.,    or    99.6%    of 

*  Dayton,  Ohio. 

t  Trait sact  ions,  Am.  SpC,,C.  E.,  Yol,  ,LX;2Cy,IJ[  ,(,1,91,4),  jp.  1539. 
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RUN-OFF  RECORDS,  MIAMI  RIVER,   DAYTON,  OHIO,   1893  TO    1917, 
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Mr.  F,„  +  P,n-  The  writer  has  made  no  mathematical  check  of  Mr. 
'  Petterson's  work,  but  a  cursory  examination  of  Plate  XLVIII  certainly 
indicates  that  the  maximum  storage  for  flood  prevention  would  be 
required  in  June  instead  of  in  May.  The  writer  cannot  agree  with 
the  statement  that  "only  the  month  in  which  the  floods  commence  is 
of  importance."  If  the  capacity  reserved  for  flood  prevention  is  filled 
during  the  early  part  of  a  flood,  the  peak  may  pass  over  the  spillway 
and  cause  untold  damage.  It  is  the  peak  of  the  flood  that  must  be 
cared  for  by  the  reservoir,  not  the  early  run-off. 

Where  the  floods  are  due  to  rainfall,  conditions  are  quite  different 
from  those  obtaining  on  the  Colorado,  as  may  be  seen  from  Fig.  11, 
which  shows  the  daily  stages  and  discharges  of  the  Miami  River  at 
Dayton,  Ohio,  for  the  past  25  years.  There  may  be,  and  probably  is 
in  most  cases,  a  season  in  which  the  maximum  floods  commonly 
occur;  but  that  offers  no  assurance  that  all  maximum  floods  will 
occur  in  that  season.  The  greater  number  of  the  floods  at  Dayton 
occur  in  the  spring;  yet  the  flood  of  1866,  which  was  the  second 
largest  in  a  century,  occurred  in  September.  A  study  such  as  Mr. 
Petterson  proposes,  based  on  the  record  shown  by  Fig.  11,  would 
indicate  that  practically  no  storage  at  all  would  be  required  for  flood- 
prevention  purposes  at  Dayton  during  September.  A  detention  basin 
operated  on  that  assumption  in  1866  would  have  met  disaster. 

If  we  consider  the  ten-year  period,  1907  to  1916,  inclusive,  and 
assume  that  50%  of  the  mean  rate  of  discharge  for  that  period  is 
used  for  power,  a  study  based  on  the  data  contained  in  Fig.  11,  shows 
that  the  maximum  capacity  for  power  purposes  would  have  been 
required  in  1914  and  that  the  reservoir  should  have  been  full  at  the 
end  of  April.  The  study  also  shows  that  the  period  of  deficient  flow 
began  at  the  end  of  February  in  1915,  at  the  end  of  March  in  1910, 
at  the  end  of  April  in  1914,  at  the  end  of  May  in  1908  and  1911,  at 
the  end  of  June  in  1913  and  1916,  and  at  the  end  of  July  in  1907, 
1909,  and  1912.  On  the  other  hand,  reservoirs  at  Dayton  for  flood- 
prevention  purposes  should,  by  all  means,  be  kept  empty  during  March 
and  April.  No  water  at  all  should  be  stored  at  any  time  during  these 
months.  Consequently,  the  conditions  at  Dayton,  which  the  writer 
does  not  believe  are  at  all  exceptional  for  this  part  of  the  United  States, 
would  not  permit  the  construction  of  a  composite  reservoir  in  which 
the  total  capacity  was  less  than  the  total  required  for  flood-prevention 
purposes  plus  the  total  required  for  storage. 

As  regards  flood  prevention  and  storage  for  use,  the  two  purposes 
are  antagonistic,  and  no  long  study  based  on  the  theory  of  probabilities 
can  prove  otherwise.  The  part  of  the  basin  required  for  flood  preven- 
tion should  be  emptied  as  soon  as  possible  after  each  flood  so  that  it 
will  be  ready  for 'use  when  the  next  flood  comes.     The  total   space 
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available  to  store  water  for  use  should  be  kept  full  at  all  times.     It    Mr 
would  not  be  good  business   policy  to   waste   water   which   could   be 
stored  because  the  theory  of  probabilities  showed  that  more  would  be 
available  the  following  month. 

Kenneth  C.  Grant,*  M.  Am.  Soo.  C.  E.  (by  letter).— The  dis-  Mr. 
cussion  of  this  able  paper  has  doubtless  been  undertaken  with  a  certain 
degree  of  reverence  by  those  who  knew  the  author  personally.  The 
writer  came  to  have  that  honor  when  the  late  Gen.  Chittenden  was 
engaged  on  the  work  of  the  Miami  Conservancy  District,  and  can  cer- 
tainly number  himself  among  those  who  have  this  feeling  in  discussing 
a  subject  on  which  the  author  was  so  eminently  qualified  to  set  forth 
his  views. 

The  author  has  summed  up  the  opinion  of  competent  authorities 
as  to  the  feasibility  of  the  combined  use  of  a  reservoir  for  flood  control 
and  other  purposes.  He  shows  that  some  authorities  believe  that 
such  a  combined  use  is  not  feasible,  while  others  believe  it  is,  if 
storage  capacity  for  each  purpose  is  provided.  The  author  takes  his 
stand  with  those  who  hold  to  the  latter  opinion. 

The  writer  has  studied  this  subject  closely  for  a  number  of  years, 
and  agrees  with  the  author  that  the  same  reservoir  can  be  used  both 
for  flood  control  and  other  purposes.  In  his  opinion,  furthermore, 
a  close  study  of  many  feasible  projects  will  show  that  the  same  reser- 
voir space  can  be  used  both  for  flood  control  and  for  other  purposes. 

In  some  cases,  where  there  is  a  well-defined  flood  season,  that  part 
of  the  capacity  set  aside  for  this  joint  use  would  be  used  for  flood 
control  during  the  flood  season  only.  The  writer  has  examined  a  large 
reservoir  operated  in  this  manner,  the  Waldeck  Reservoir,  in  Germaiiy.f 

In  some  other  cases,  where  floods  are  likely  to  occur  at  any  time 
of  the  year,  it  would  be  necessary  and  feasible  to  be  guided  in  the 
use  of  this  dual  part  of  the  capacity  by  a  highly  developed  system  of 
rainfall  and  stream-gauging  stations  on  the  drainage  area  above  the 
reservoir.  To  allow  the  greatest  possible  time  for  emptying  this  flood 
storage  space  in  advance  of  the  arrival  of  the  flood  wave,  the  manipu- 
lation of  the  gates  at  the  reservoir  should  be  governed  by  the  estimates 
of  inflow  based  on  the  rainfall  rather  than  on  the  stream-gauging 
reports;  but  it  would  be  possible  and  desirable  to  modify  the  original 
plan  of  manipulation  on  the  basis  of  stream  gaugings.  The  writer 
has  visited  a  large  reservoir  in  Germany  operated  in  this  manner, 
the  Marklissa  Reservoir,  in  the  Province  of  Silesia.:}:  Fig.  12  shows 
the  flood  control  effect  and  operation  of  this  reservoir  during  a  flood 
in  August,  1913. 


it    ".till 


*  Washington,  D.  C. 

t  Journal,  Engrs.'  Soc.  of  Pennsylvania,  May,  1916. 

t  Journal,  Engrs.'  Soc.  of  Pennsylvania,  April,  1913. 
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Mr. 

Grant, 


Such  a  combined  use  of  the  same  storage  capacity  is  especially 
practicable  where  two  or  more  reservoirs  are  located  one  above  the 
other  on  the  same  stream.  Errors  in  prediction,  which  have  led  to 
manipulation  of  the  outlets  in  the  reservoir  farthest  up  stream  in 
such  a  way  that  the  best  results  have  not  been  obtained,  can  be  cor- 
rected at  the  dams  below. 

There  are  many  reservoirs  in  Europe  which  are  used  for  both  flood 
control  and  other  purposes.  Most  of  them  are  operated  by  keeping  a 
certain  fixed  part  of  their  capacity  empty  at  all  times  and  ready  for 
the  storage  of  damaging  flood-water.  In  practically  every  case,  this 
flood  storage  capacity  is  controlled  by  gates. 
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Fig.  12. 

Fig.  13  shows  the  flood  control  effect  and  operation  of  such 
a  reservoir  during  a  flood  in  August,  1913.  The  Mauer  Reservoir*  is 
on  the  Bober  Eiver,  in  the  Province  of  Silesia,  Germany.  There  are 
several  "dry"  reservoirs  on  the  drainage  area  above  this  reservoir,  and 
their  combined  flood  control  effect  is  indicated  by  the  difference  between 
the  estimated  maximum  inflow,  assuming  them  not  to  be  in  operation, 
475  cu.  m.  (16  770  cu.  ft.)  per  sec,  and  the  actual  maximum  inflow 
into  the  Mauer  Reservoir,  287  cu.  m.  (10 130  cu.  ft.)  per  sec,  a 
reduction  of  40  per  cent. 

*  Engineering  News,  Vol.  69,  p.  672   (April  3d,  1913). 
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In  Europe,  automatic  control,  as  a  rule,  is  used  only  in  reservoirs 
built  for  flood  prevention  alone,  the  so-called  "dry"  reservoirs;  though 
even  this  type  is  provided  in  some  cases  with  mechanical  control  of  the 
outlets.  In  most  cases,  the  discharge  through  the  dams  of  such 
reservoirs  takes  place  through  conduits  or  tunnels,  rather  than  over 
spillways,  the  outlets  often  being  placed  at  different  elevations. 

The  author,  in  defining  a  detention  reservoir,  states  that  "the  func- 
tion is  purely  automatic,  human  control  being  wholly  eliminated."  The 
writer  believes  that  the  type  of  reservoir  described  by  the  author  is  just 
as  truly  a  detention  reservoir  whether  the  outlets  operate  automatically 
or  are  provided  with  mechanical  means  of  control. 


Mr. 
Grant. 


Aug.  16 


Aug.  20 


The  writer  fully  appreciates  the  arguments  in  favor  of  automatic 
control  of  storage  capacity  set  aside  for  flood  control,  whether  in  a  res- 
eiwoir  used  for  botli  flood  control  and  other  purposes,  or  in  a  "dry" 
reservoir,  particularly  the  former,  where  the  temptation  to  encroach 
on  the  flood  storage  capacity  may  be  very  strong,  and  a  long  period  of 
immunity  from  great  floods  may  lull  those  in  charge  of  operations  into 
a  false  sense  of  security.  He  is  coming  more  and  more  to  believe,  how- 
ever, that  it  is  possible  to  construct  and  maintain  discharging  appa- 
ratus which  can  be  coimted  on  to  operate  successfully  at  all  times,  and 
to  train  and  keep  on  duty  reliable  operators  who  will  obey  orders.     It 
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Mr.  is  also  believed  that  the  action  of  those  higher  up,  who  give  the  orders, 
®'"*"*"  can  be  controlled  by  suitable  legislation  and  competent  supervision. 

With  proper  mechanical  control  of  the  outlets  from  a  flood  control 
reservoir,  a  given  flood  capacity  can  be  operated  with  considerably 
greater  effectiveness  than  with  automatic  control.  With  mechanical 
control,  at  the  very  start  of  a  flood,  water  can  be  released  from  the  res- 
ervoir at  a  rate  equal  to  the  carrying  capacity  of  the  channel  below  the 
dam,  and  thus  less  of  the  storage  will  be  used  in  storing  harmless  flood 
water.  Moreover,  since  any  type  of  flood  control  reservoir  must  be  de- 
signed for  maximum  flood  conditions,  it  can  opei'ate  at  only  part  of  its 
maximum  efiiciency  in  smaller  floods,  unless  some  mechanical  means  of 
controlling  the  outflow  is  provided. 

If  automatic  control  is  to  be  used,  the  wTiter  would  recommend  some 
form  of  outlet  conduits  as  against  the  spillway  type  of  outlet,  for  the 
same  reasons  as  those  very  clearly  stated  by  Mr.  Morgan  in  his  discus- 
sion. The  "ideal  control"  described  by  Mr.  Morgan,  however,  can  be 
approached  only  where  some  means  of  controlling  the  flow  through  the 
conduits  is  provided. 

It  is  only  in  exceptionally  favorable  cases  that  it  would  be  found 
possible  or  feasible  to  control  the  maximum  flood  by  storage  so  that  the 
outflow  would  not  exceed  the  channel  capacity  below  the  dam.  As  a 
rule,  the  reservoir  control  would  have  to  be  supplemented  by  enlarging 
the  channel  capacity  at  points  where  the  value  of  the  property  to  be 
protected  justified  the  expense,  while  other  sections  would  have  to 
remain  subject  to  some  overflow  in  every  large  flood.  With  proper 
mechanical  control  of  the  outlets,  it  would  be  possible  in  many  cases  to 
prevent  overflow  of  any  lands  except  in  maximum  or  nearly  maximum 
floods,  which  are  of  very  rare  occurrence.  From  the  very  basis  of  de- 
sign, the  available  storage  capacity  of  a  flood  control  reserv^oir  with 
automatic  outlets  can  operate  Avith  maximum  effectiveness  only  in  the 
case  of  the  assumed  maximum  flood,  which  may  never  occur. 

It  is  wisely  said  by  the  author  that  "it  is  of  the  first  importance  that 
a  site  once  occupied  be  occupied  to  the  full  extent  of  its  possibilities." 
As  he  says,  "if  occupied  by  an  inadequate  or  inferior  work,  this  may 
become  a  permanent  bar  to  the  highest  development."  If  the  time  is 
not  ripe  for  carrying  out  all  parts  of  the  project,  the  works  should  be 
designed  so  that  additions  for  the  other  purposes  can  be  made  "at  a  later 
date.  Such  a  far-sighted  utilization  of  available  reservoir  sites  is  pos- 
sible only  if  two  very  essential  steps  are  taken,  namely: 

(a). — The  systematic  collection  and  study  on  an  intensive  scale, 
by  the  proper  agencies,  of  all  data  necessary  for  the  solution  of  prob- 
lems of  water  conservation  and  stream  control,  in  order  that  all  uses  of 
the  streams  may  be  realized  and  co-ordinated.     Without  this  informa- 
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tion,  it  will  be  impossible  to  determine  what  the  full  possibilities  of  a     Mr. 

•.  Grant. 

given  reservoir  site  are. 

(h). — The  framing,  passage,  and  active  administration  of  suitable 
State  and  National  legislation  that  will  permit  and  foster  co-operation 
between  corporations,  municipalities,  States,  and  the  Federal  Govern- 
ment, in  the  construction  and  operation  of  storage  reservoirs  for  all  the 
various  purposes  for  which  they  can  be  used.  Without  workable  legis- 
lation of  this  kind,  it  will  be  impossible  to  bring  together  the  various 
interests  involved  in  the  fullest  utilization  of  our  streams,  or  to  compel 
the  complete  development  of  reservoir  sites  on  which  projects  are 
proposed. 

In  connection  with  the  preceding  paragraph,  the  author's  remarks 
regarding  "The  Human  Factor"  show  a  wise  appreciation  of  a  very 
real  difficulty,  one  which  will  require  a  broad  and  thorough  education 
of  the  public  mind  to  overcome.  The  problems  involved  in  dealing 
with  this  factor  in  the  working  out  of  the  Miami  Valley  project  were 
many  and  varied,  and,  at  several  stages  in  the  proceedings,  presented 
obstacles  which  gave  far  more  anxiety  as  to  the  successful  outcome  of 
the  plans  than  any  of  the  engineering  problems  encountered.* 

The  solution  would  seem  to  be  in  a  Federal  law  modeled  after  the 
Conservancy  Law  of  Ohio.  Such  laws  have  been  in  successful  opera- 
tion for  many  years  in  France,  Germany,  and  Austria.  In  the  United 
States,  some  of  the  State  drainage  and  irrigation  laws  are  the  same  in 
principle,  but  are  worked  out  on  a  much  less  comprehensive  scale. 

Morris  KNOWLES,t  M.  Am.  Soo.  C.  E.  (by  letter). — The  writer  ^^_Mr._ 
cannot  but  be  deeply  conscious  of  the  honor  conferred  upon  him  by 
the  request  that — in  behalf  of  the  late  Gen.  Chittenden — he  prepare 
the  closure  of  the  discussion  on  this  paper.:}:  In  acceding  to  this 
request  he  will  endeavor  to  assume  the  attitude  of  the  author,  in  so  far 
as  possible,  aided  by  his  familiarity  with,  and  deep  appreciation  of, 
the  latter's  concepts  on  this  subject,  and  by  the  fact  that  he  is,  and 
has  long  been,  in  accord  with  the  aims  expressed  herein  by  Gen.  Chit- 
tenden. The  writer,  however,  is  humbly  impressed  by  his  inability 
to  interpret  adequately  the  author's  breadth  of  view  and  do  justice 
to  what  has  unexpectedly  become  a  valedictoi-y.  The  loss  of  Gen. 
Chittenden  from  the  ranks  of  the  Profession  is  indeed  a  serious  one. 
It  is  to  be  regretted  that  so  prolific  a  writer,  with  a  mind  so  active 
and  clear,  should  not  have  been  permitted  to  be  longer  with  us  to 
take  part  in  the  development  and  witness  the  fruition  of  works  that 

*  Journal,  Engrs.'  Soc.  of  Pennsylvania,  March,  1914,  October,  1915,  and  Novem- 
ber, 1916. 

t  Pittsburgh,  Pa. 

t  This  closing  discussion  on  the  paper  by  the  late  Gen.  Chittenden  has  been  pie- 
pared  by  Mr.  Knowles  in  compliance  with  the  request  of  the  Publication  Committee. — 
[Secretary]. 


Knowles. 
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Mr.      will  undoubtedly  be  built  in  the  near  future  in  the  attempt  to  solve 
this  great  problem  of  stream  regulation. 

Without  doubt,  Mr.  Morgan  has  aptly  caught  and  expressed  Gen. 
Chittenden's  purpose  in  presenting  this  paper,  in  that  it  is  a  plea 
to  the  Profession  to  "keep  open  a  field  of  opportunity",  in  flood  control, 
for  the  use  of  dual  purpose  reservoirs.  The  author's  great  openness 
of  mind,  as  expressed  by  his  willingness  to  change  opinions  when  con- 
vinced after  thorough  study,  is  clearly  stated  by  Mr.  Morgan,  in 
relating  the  circumstances  surrounding  the  early  investigations  at 
Dayton,  to  which  the  writer  can  testify,  for  he  was  present  as  one  of 
the  group  of  "several  other  engineers" ;  and  there  is  no  better  illustra- 
tion of  Gen.  Chittenden's  kindly,  generous  nature,  which  all  who  knew 
him  learned  to  admire,  than  his  statement  on  page  1485,  when 
referring  to  the  dual  use  of  storage  reservoirs: 

"The  writer  would  bespeak  for  the  idea  thus  doubtfully  referred 
to  in  the  last  two  citations  a  more  thorough  and  friendly  consideration 
than  has  yet  been  given  it.  May  not  the  superposition  of  one  reservoir 
upon  another  contain  important  possibilities  after  all?" 

To  many,  the  consideration  has  become  diffictJt  and  involved, 
because  they  have  not  kept  clearly  in  mind  the  fact  that  dual  use 
does  not  generally  (and  only  in  exceptional  circumstances)  contem- 
plate control  of  the  same  volume  of  storage.  In  fact,  as  the  author 
pointedly  remarks,  on  page  14Y3: 

"It  is  further  generally  recognized  that  flood  control  and  storage 
for  use  are  essentially  antagonistic  purposes  which  make  impossible 
a  reliable  utilization  of  the  same  reservoir  space  for  both." 

It  is  well  to  remember  that  even  the  illustration  of  the  Colorado 
River,  so  carefully  and  technically  treated  by  Mr.  Petterson,  may  be 
considered  an  exceptional  instance,  and  not  one  of  general  application. 
Mr.  Houk  forcibly  calls  attention  to  this  latter  thought,  in  his  analysis 
of  the  above  mentioned  discussion,  with  his  illustration  of  the  Miami 
River  flood  records.     The  author  says,  again,  on  page  1484: 

"The  question  is  not  that  of  joint  use  of  the  same  identical  reser- 
voir space,  but  that  of  having  space  for  each  purpose  in  addition  to 
that  required  by  the  other.  This,  in  fact,  is  the  crux  of  the  physical 
problem." 

In  the  opinion  of  the  writer,  the  "field  of  opportunity"  seems  so 
near  to  attainment,  promises  such  obvious  desiderata  as  to  results, 
and  such  progress  has  been  made  toward  its  realization  as  a  valuable 
method  of  flood  control — ^both  in  theory  and  in  the  actual  building 
of  works — that  to  condemn  the  idea  now,  on  the  basis  of  our  existing 
incomplete  information  and  still  more  scant  trial,  would  indeed  be 
most  unfortunate  and  ill  considered.    As  the  author  has  so  well  stated : 


I 
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''Better  by  far  to  take  some  chances  and  register  progress  than  to      Mr. 
block  progress   because   of  contingencies  which   are   so   remote   as   to  ^^o'^ies. 
be  practically  negligible." 

The  paper  can  in  no  sense  of  the  word  be  regarded  as  a  critique 
of  "Detention  Basins"  or  of  "Reservoirs"  as  agencies  for  flood  control. 
Indeed,  in  pointing  out  that  the  possibilities  are  not  yet  exhausted, 
the  author  has  ingeniously  proposed  merely  to  superimpose  a  "deten- 
tion basin"  upon  a  reservoir — the  former  for  purposes  of  flood  control 
and  the  latter  for  such  purposes  as  might  otherwise  be  intended.  Such 
a  detention  basin  would  then  begin  with  the  advantage  of  large  area, 
as  the  greatest  area  of  the  reservoir  is  obviously  its  upper  surface. 
Again,  it  would  have  all  the  advantages  of  the  detention  basin  founded 
directly  on  the  valley  floor,  as  to  conservation  of  land  values  within 
the  flooded  area,  for  it  must  be  quite  plain  that  the  damage  due  to 
the  land  being  flooded  permanently  by  the  reservoir  should  be  charged 
against  the  purpose  for  which  the  reservoir  is  to  be  used — whether 
that  purpose  be  the  production  of  power,  municipal  water  supply, 
whether  for  navigation  or  irrigation,  or  what  not.  The  author 
expressly  makes  reservation,  moreover,  that  he  is  not  proposing  a  cure 
for  all  flood  problems,  but  rather  an  application  which  may  be  useful 
in  an  "indeterminate  zone  of  great  extent"  in  harmonizing  industrial 
and  commercial  uses,  and  flood  control,  in  those  cases  where  reser- 
voirs can  be  made  available  for  these  purposes.  Mr.  Meyer's  discus- 
sion of  the  very  interesting  case  in  point,  of  several  uses  at  an  unusu- 
ally favorable  site,  seems  quite  apropos. 

Nor  can  Gen.  Chittenden's  paper  be  considered  a  brief  in  favor  of 
spillways  versus  conduits  or  oriflces,  in  the  automatic  control  of  flood 
storage.  The  writer  agrees  with  Mr.  Morgan  in  that  the  author  has 
purposely  avoided  the  discussion  of  details — contenting  himself  simply 
with  pointing  out  possibilities  in  substantiation  of  his  original  plea. 
Yet,  are  there  not  cases  where  spillways  or  spillway  channels  may 
automatically  control  the  discharge  of  floods- to  the  best  advantage? 
Are  not  the  relative  merits  of  spillways,  as  contrasted  with  conduits  for 
this  purpose,  affected  to  a  major  degree  by  the  proportionate  area  of 
the  reservoir  in  comparison  with  its  water-shed?  No  one  would  think, 
for  instance,  of  advocating  conduits  for  flood  storage  in  Lake  Superior, 
to  which  Gen.  Chittenden  forcibly  refers;  and  the  writer  can  picture 
circumstances  wherein  artificial  reservoirs  of  large  area  topped  with  a 
detention  basin,  as  suggested,  might  be  controlled  to  advantage  simply 
by  a  spillway  channel  of  proper  proportions. 

Mr.  Petterson  presents  a  most  technical  discussion  of  his  thesis — 
that  the  same  volume  of  storage  may  be  used,  in  some  instances,  for 
different  purposes,  namely,  to  prevent  floods  and  to  increase  stream  flow 
at  other  times  for  valuable  industrial  purposes.  It  is  sufficient  to  say 
that  the  detailed  and  rather  abstruse  mathematical  work,  as  well  as 
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Mr.       the  basic  data,  in  the  paper*  by  Allen  Hazen,  M.  Am.  Soc.  C.  E..  are 
Knowles.      .  .  t  t  ^     i  i  • 

ot  interest  to  the  student  oi  the  subject,  and  are  worthy  of  close  study. 
Notwithstanding  the  reservation,  which  must  be  borne  in  mind,  that 
there  is  danger  in  too  general  applicability,  the  calculations  bear  the 
evidence  of  correctness,  and,  though  the  premises  are  not  broad  enough 
to  warrant  so  determinate  a  deduction,  our  judgment  tells  us  that, 
with  relatively'  uniform  seasonal  occurrence  of  floods,  such  use  may  be 
most  advantageous. 

Mr.  Hall's  interesting  tabulation  of  the  Ohio  Eiver  floods  is  in  line 
with  Mr.  Petterson's  discussion  of  the  Colorado  project,  namely,  that 
dual  use  of  some  storage  does  not  necessarily  conflict  in  all  cases.  At 
least,  according  to  the  theory  of  probabilities,  there  is  a  large  chance 
to  use  for  many  years  much  of  the  same  storage  space  for  both  flood 
prevention  and  industrial  purposes.  The  report  of  the  Pittsburgh 
Flood  Commission,  published  in  April,  1912,  shows,  in  a  like  manner, 
that  65.9%  of  the  floods  in  the  Ohio  River,  at  the  junction  of  the  Alle- 
gheny and  Monongahela,  occur,  during  the  years  of  record,  in  the 
months  of  January  to  March,  inclusive,  and  that,  during  the  remainder 
of  any  year,  only  one  flood  occurred  exceeding  4  ft.  above  flood,  or 
overflow,  stage.  No  floods  are  recorded  in  September  and  October 
during  the  105  years  under  observation. 

Mr.  Tibbetts  calls  attention  to  a  somewhat  different  application  of 
the  detention  basin  principle  due  to  the  peculiar  topographical  condi- 
tions of  the  Sacramento  Yalley.  His  discussion  of  comparative  costs 
and  the  use  of  appliances  in  different  parts  of  the  country,  however, 
does  not  seem  to  be  germane  to  the  subject.  The  writer  recalls  that 
there  were  certain  physical  and  hydraulic  conditions  which  pointed 
toward  the  general  inapplicability  of  the  levee  system  in  the  Miami 
Valley,  in  addition  to  the  problem  of  its  excessive  expense.  The  last 
sentence  of  Mr.  Tibbett's  discussion,  however,  expresses  the  truism : 
that  each  place  and  district  has  its  own  particular  problem,  governed 
by  local  conditions,  demanding  for  each,  therefore,  a  separate  and 
distinct  solution. 

Capt.  Grant  refers  to  two  important  continental  examples  of  the 
use  of  the  "same  reservoir  space  *  *  *  for  flood  control  and  for 
other  purposes."  This  is  a  valuable  contribution  to  the  discussion, 
presented  in  his  usual  clear  and  concise  manner.  The  statement  with 
regard  to  mechanical  control  versus  automatic  regulation  is  also  per- 
tinent, in  showing  that  we  must  still  keep  our  minds  open,  and  study 
for  the  optimum  means  for  each  case  or  group  of  conditions.  No 
greater  truth  has  been  presented  than  the  following: 

*  Transactions,  Am.   Soc.   C.   E.,  Vol.   LXXVII    (1914),   p.   1539. 
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"If  the  time  is  not  ripe  for  carrying  out  all  parts  of  the  project,  the      Mr. 
works  should  be  desigiied  so  that  additions  for  the  other  purposes  can  Knowies. 
be  made  at  a  later  date." 

It  is  important  that  we  should  bear  this  in  mind  at  the  present 
time,  when,  under  the  stress  of  present  conditions,  we  are  inclined 
to  do  only  that  work  which  is  essential  and  for  which  money 
can  properly  be  utilized  now.  On  the  other  hand,  far-sighted  vision 
demands  that  what  is  done  now  shall  be  of  such  basic  design  and 
strength  that  superimposed  structures  may  be  added  later  when  the 
need  of  other  uses  makes  it  wise  to  build;  and  the  essential  steps  of 
investigation,  and  study  and  collection  of  data,  are  important  as  a 
preliminary  agency. 

Gen.  Chittenden's  suggestion  has  served  to  prove  his  point,  namely, 
that  the  field  can  by  no  means  be  considered  closed  to  the  successful 
use  of  dual  purpose  reservoirs — we  must  still  keep  an  open  mind.  In 
this  view,  indeed,  the  writer  concurs  with  the  author,  having  expressed 
such  a  conviction  in  the  Minority  Report  of  the  Special  Committee 
on  Floods  and  Flood  Prevention.* 

The  subject  of  ways  and  means  for  the  control  of  floods  is  by  no 
means  exhausted.  In  fact,  there  is  still  a  paucity  of  information  on 
fundamental  phenomena.  Floods  and  their  control  present  a  com- 
plexity of  situations  and  conditions  involving  many  different  sciences, 
each  a  broad  study  in  itself;  and,  as  Gen.  Chittenden  has  so  often 
and  so  ably  pointed  out,  not  the  least  of  these  difficult  conditions  is 
the  human  factor.  At  best,  it  is  not  easy  to  impress  the  public  mind 
with  the  advantages  and  importance  of  spending  money  on  works  for 
flood  control  and  the  necessary  thorough,  preliminary  investigations; 
and  any  improvement  or  suggestion  which  will  tend  to  harmonize  the 
industrial  use  of  works  with  flood  prevention — to  increase  the  dollar 
efficiency  of  the  investment,  even  at  the  expense  of  a  slight  decrease 
in  efficiency  of  flood  control — will  go  far  toward  needed  progress  in 
this  direction. 

The  discussion  of  the  development  of  hydro-electric  power  at  sites 
used  for  flood  storage  is  particularly  apropos  at  this  time,  when  there 
is  an  unusual  demand  for  electric  energy,  especially  in  industry  where 
steam  power  is  at  present  inadequate  to  furnish  all  the  energy  needed 
for  war  purposes,  and  at  a  time,  also,  when  the  difficulty  of  securing 
enough  coal  is  a  very  pressing  problem.  National  consideration  of  the 
development  of  water  power  becomes  more  prominent  from  day  to  day, 
and  will  continue  to  press  for  a  broad  and  sane  solution.  Will  not 
the  possibilities  of  the  dual  use  of  reservoirs  ofi^er  an  inviting  field,  and 
make  more  promising  the  development  of  some  sites  formerly  on  the 
border  line  of  financial  desirability? 

*  Transactions,  Am.  Soc.  C.  E.,  Vol.  LXXXI   (1917),  p.  1232. 
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Mr.  Mr.  Thomson  strikingly  refers  to  the  enormous  saving  in  coal  that 

■  would  accrue  as  a  result  of  one  proposed  development.  He  also  points 
to  the  fact  that  we  do  progress,  and  finally  sift  out  the  good  in  engi- 
neering practice,  to  which  we  may  cling.  The  monetary  discussion  by 
Mr.  Morgan,  on  page  1494,  giving  reasons  for  not  considering  it  wise 
to  add  water  power  to  the  Miami  Conservancy  project,  is  interesting; 
but,  with  the  changing  values  now  and  as  time  goes  on,  perhaps  the 
balance  will  be  sufficiently  shifted  to  make  such  dual  development 
worthy  of  consideration. 

We  are  on  the  eve  of  a  vast  development  and  control  of  our  natural 
resources,  and,  of  these,  water  is  one  of  the  greatest.  Unquestionably, 
much  of  the  future  greatness  of  America  will  be  determined  by  the 
degree  of  wisdom  with  which  we  provide  a  comprehensive  solution  of 
this  important  problem  of  stream  regulation  so  as  to  secure  all  the 
possible  good  and  energy  out  of  running  water  and  control  its  devastat- 
ing power.  Frankly,  the  danger  in  the  situation  at  present  is  the 
attempt  to  standardize  on  works  or  designs,  in  a  field  characterized  by 
many  remaining  indefinite  factors,  after  the  remarkable  controversies 
of  years.  Crystallization  should  not  be  attempted  until  opinions  and 
data  on  the  problem  of  reservoir  control  have  become  more  concen- 
trated and  stable.  As  Gen.  Chittenden  wisely  held,  we  would  do  well 
to  postpone  final  conclusions  until  the  evidence  is  complete,  or,  at 
least,  has  been  more  thoroughly  collected  and  studied. 
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L.  J.  MENSCH,t  M.  Am.  Soc.  C.  E.  (by  letter).— The  Final  Eeport  Mr. 
of  the  Special  Committee  on  Concrete  and  Reinforced  Concrete  con-  '  ^^^^  • 
tains  a  great  many  excellent  features,  and,  for  its  great  devotion  to 
the  task  allotted  to  it,  the  Committee  deserves  the  thanks  of  the  Society 
and  of  the  general  public,  as  all  will  benefit  by  its  labors.  It  is  to  be 
regretted  that  sufficient  funds  were  not  at  the  command  of  the  Com- 
mittee so  that  it  could  have  proceeded  on  the  same  scientific  and 
practical  lines  as  the  French  Committee  in  1902  to  1905,  or  the  German 
Committee  from  1908  to  1915,  or  some  other  committees,  the  Special 
Committee  of  this  Society  on  Steel  Columns  and  Struts,  for  example. 

It  seems  that  the  Committee  considered  the  tests  made  in  various 
American  colleges  sufficient  for  the  establishment  of  its  rules.  It 
nearly  neglected  the  work  of  the  French  and  German  Committees, 
which  solved  many  mooted  questions.  It  was  '  not  unreasonable  to  . 
expect  that  the  Committee  would  have  consulted  these  reports  and 
would  have  made  at  least  some  new  tests,  in  order  to  solve  points 
left  untouched  by  the  others. 

A  great  many  of  the  Committee's  rules  do  not  contain  any  more 
information  than  may  be  found  in  the  French  report  of  1905,  and 
yet  a  great  many  more  facts  were  known  in  1916  than  in  1905,  and 

*  Previous  discussions  were  published  with  the  report  as  Paper  No.  1398  in 
Transactions.  Vol.  LXXXI,  p.  1101.  The  discussions  which  appear  in  this  volume 
were  received  subsequently. 

t  Chicago,  111. 
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Mr.  would  have  permitted  Biaking  more  definite  statements.  Take,  for 
Mensc  .  example,  the  paragraph,  "Freezing  W^^ther."  Tests  could  have  been 
easily  made,  or  reports  from  practice  obtained,  to  give  some  more 
definite  rules.  It  would  have  been  very  helpful  to  learn  from  the 
report  how  long  to  protect  concrete  in  order  to  make  it  immune 
against  freezing  temperatures  of  various  degrees. 

In  the  chapter  on  ''Forms"  there  is  a  very  unfortunate  paragraph, 
beginning,  "Forms  should  be  substantial  and  unyielding."  All  engi- 
neers know  that  lumber  or  steel  deflects,  and  it  would  have  been  more 
proper  to  state  the  stresses  and  deflections  for  which  forms  are  to 
be  designed.  The  writer  has  never  found  that  frozen  concrete  has  a 
clear  ring  under  the  blow  of  the  hammer,  and  the  statement  that  this 
important  test  is  unreliable  ought  to  have  been  accompanied  by  the 
experimental  facts. 

The  Committee  recommends  that,  in  columns,  bars  more  than 
I  in.  in  diameter  should  be  "properly  squared  and  butted  together 
in  suitable  sleeves."  From  the  wording  of  this  rvde,  one  does  not 
know  whether  to  face  the  bars  or  merely  hammer  them  square;  neither 
would  one  know  how  long  to  make  the  sleeves.  The  fact  is  that  it  is 
practically  impossible  to  obtain  square  ends  or  to  place  long  bars  on 
top  of  each  other  in  order  to  bring  their  ends  perfectly  in  contact; 
this,  in  practice,  can  only  be  obtained  by  a  layer  of  cement  which  is 
poured  into  the  sleeve  before  the  upper  bar  is  placed  on  the  lower  one, 
and  tests  show  that  a  thin  layer  of  cement  grout  is  sufiicient  to  pro- 
duce a  satisfactory  transmission  of  stresses. 

A  great  and  important  advance  for  American  practice  is  the  Com- 
mittee's rule  that  the  span  length  of  continuous  beams  may  be  taken 
as  the  clear  distance  between  faces  of  supports. 

The  assumptions  recommended  as  a  basis  for  calculation  in  Chapter 
"VII  are  the  same  as  those  contained  in  the  French  report  of  1905, 
and  will  hinder  the  clear  understanding  of  the  mechanics  of  reinforced 
concrete  for  another  10  years  or  more.  The  Committee  states  that 
it  is  well  aware  that  these  assumptions  are  not  entirely  borne  out  by 
experimental  data,  and  that  they  are  given  in  the  interest  of  simplicity 
and  uniformity.  In  Chapter  X,  working  formulas  based  on  these 
assumptions  may  be  found,  but  engineers  who  are  not  very  much  in 
favor  of  concrete  will  not  find  these  formulas  sufiiciently  inviting  for 
the  adoption  of  reinforced  concrete  construction. 

The  writer  is  happy  to  state  that  the  engineers  of  the  building 
departments  of  our  large  cities  have  always  been  extremely  courteous 
to  him,  and  have  never  seen  fit  to  compel  him  to  undergo'  the  ordeal 
of  proving  the  safety  of  the  structures  he  has  submitted  to  them  for 
approval  by  solving  any  formulas  like  those  numbered  (6),  (11),  (12), 
(16),  (17),  and  (19).  Formulas  based  on  the  conditions  prevailing 
at  the  time  of  ih'e  ultimate  load  are  considerably  simpler  and  more 
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correct,  because  they  agree  with  facts,   while  Formulas    (6)   to    (19)      Mr. 

•  ■1  •       ,    ,,  Mensch. 

agree  with  ancient  theory. 

The  writer  would  like  to  know  the  experimental  facts  on  which 

the  rules  for  the  width  of  slabs  in  T-beams  are  based: 

"(a)  It  shall  not  exceed  one-fourth  of  the  span  length  of  the  beam; 

(&)  Its  overhanging  width  on  either  side  of  the  web   shall  not 

exceed  six  times  the  thickness  of  the  slab." 

The  tests  of  the  French  and  German  Committees  show  that  one  can 
count  on  a  wider  slab  acting  together  with  the  stem. 

Flat  Slabs. — The  Committee's  ruling  on  bending  moment  coeffi- 
cients is  excellent,  but  the  justification  for  it  is  rather  lame.  The 
Committee  maintains  with  John  R.  Nichols,  Assoc.  M.  Am.  Soc.  C.  E., 
that  the  numerical  sum  of  the  positive  and  negative  moments  over 
the  sections  AF  and  GI  of  Fig.  2,  disregarding' the  size  of  the  column 

W  L 

cap,  is  given  by  — :; — .      The  many  tests  which  were  made  on  buildings 

o 

designed  with  bending  moments  with  one-half  this  figure,  or  even  less, 

compelled    attention,    and    the    Committee    reduced    this    theoretical 

W  L 
moment   to   an   avera2:e  of   about  on  account  of  the  large  size 

18 

of  column  caps  and  because, 

"Measurements  of  deformations  in  buildings  under  heavy  load 
indicate  the  presence  of  considerable  tensile  resistance  in  the  concrete, 
and  the  presence  of  this  tensile  resistance  acts  to  decrease  the  intensity 
of  the  compressive  stresses." 

There  is  no  reason  whatever  why,  on  these  very  same  grounds,  we 
should  not  allow  a  decrease  of  permissible  moment  coefficients  for 
ordinary  slabs,  or  slabs  supported  on  four  sides,  or  even  T-beams 
with  a  small  percentage  of  reinforcement.  The  statement  that  the 
presence  of  tensile  resistance  in  the  concrete  acts  to  decrease  the 
compressive  stresses  cannot  be  correct,  because  tensile  stresses  in  the 
concrete  mean  less  stress  in  the  reinforcing;  therefore,  a  reduction  of 
the  leverage  of  the  centroid  of  tensile  and  compressive  forces,  and, 
for  the  same  bending  moment,  will  act  to  increase,  and  not  to  decrease, 
the  compressive  forces.  If  the  Committee  found  by  extensometer 
readings  that  the  compressive  strains  are  smaller  than  its  theory 
warrants,  then  the  proper  deduction  would  have  been  that  the  theory 
was  wrong  and  that  the  moments  were  actually  smaller. 

In  his  paper*  Mr.  John  R.  Nichols  confessed  that  Grashof's  for- 
mulas were  a  mystery  to  him,  and  maintained  that  from  statics  we  are 
compelled   to    assume    the   numerical    sum    of   positive    and   negative 

W  L 
moments  over  one  side  and  one  center  section  as .     The  writer 

8 
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Mr. 
Menseh, 


would  like  to  know  whether  the  Committee  thinks  that  the  great 
geniuses,  Poisson,  Saint-Venant,  Grashof,  Fopple,  and  Love,  did 
not  know  statics?  In  the  writings  of  any  of  these  men  will  he  found 
the  following  rules  for  finding  stresses  in  an  elastic  body: 

(1)  Every  particle  of  the  inside  of  the  body  must  be  in  equilibrium. 

(2)  Every  particle  of  the  bounding  surface  must  be  in  equilibrium. 

(3)  There  must  be  a  proper  relation  between  stresses  and  strains. 

(4)  There  must  be  a  proper  relation  between  strain  and  displace- 
ment. 

IV  L 

Grashof   derived  his  formula,  ,  by   establishiui;-  the   fact  that 

16    '     ■^  "^ 

every  particle  of  his  deformed  plate  was  in  equilibrium,  and,  therefore, 
of  course,  the  whole  plate;  but  we  cannot  invert  such  a  proposition 
by  saying  that,  because  the  plate  as  a  whole  is  in  equilibrium,  every 
particle  of  the  plate  must  be  in  equilibrium;  because  Mr.  Nichols 
and  the  Committee  overlooked  this  important  proposition,  their  formula 
is  wrong.    Professor  H.  E.  J.  Love  clearly  states  in  one  of  his  papers: 

''■  "If  by  any  intuition  we  obtain  the  stresses  in  an  elastic  body,  they 
must  fulfill  the  above  conditions,  and  great  errors  were  made  by 
neglecting  to  check  the  results  with  above  conditions." 

y////////////////////////////////////////////////////////A 
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Fig.   20. 

It  seems  that  nobody  has  yet  had  the  intuition  to  prove  in  a  simple 
way  how  the  stresses  in  a  flat  slab  can  be  ascertained,  but  the  writer 
will  endeavor  to  show  by  a  few  propositions  the  absurdity  of  the  indis- 
criminate application  of  statics  (which  apply  only  to  an  absolutely 
rigid  body  or  to  a  body  affected  by  such  small  forces  that  the  strains 
and  stresses  are  practically  nil,  and  in  which  it  does  not  make  any  dif- 
ference whether  we  make  an  error  of  2  or  more)  to  an  elastic  body. 

(i). — Fig.  20  is  a  plan  of  a  number  of  freely  supported  girders 
connected  by  slabs  and  uniformly  loaded  by  w  per  sq.  ft.     According 

to  statics,  the  moment  in  Section  -BT  is  — —  ,  and  the  numerical  sum 
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of  tlie  positive  and   negative   moments  at  xiB  and  3£N  equals 

where  D  is  the  distance  of  the  girders.     Assume  now  that  the  slab 
between  the  girders  is  very  thick  in  comparison  with  the  girder ;  accord- 


Q      1       Mr. 
'"'         Mensch. 


iug  to  statics,  the  value, 


w  B' 


,  is  still  in  force,  but  if  the  slab  is  strong 


enough  to  carry  the  load  in  the  direction  of  L,  we  can,  without  fear, 
cut  the  slab  at  AB  or  MN,  or  in  as  many  places  in  the  direction  of 

L  as   we  please,  and  equilibrium  will  exist  and  the  moments  of  ^^;— 

o 

will  vanish,  even  if  D  is  very  much  longer  or  very  much  shorter  than 
L.  Hence  we  can  make  a  static  moment  disappear  without  contraven- 
ing any  laws  of  Nature. 
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(2). — Take  the  example  mentioned  by  Dr.  Eddy  in  his  discussion 
of  flat  slabs,  namely,  a  steel  plate  of  infinite  extent  resting  on  rows 
of  equidistant  separate  supports,  arranged  in  corners  of  squares,  and 
loaded  in  the  center  of  the  squares  by  equal  concentrated  loads,  P. 
(Fig.  21.) 

On  account  of  the  perfectly  symmetrical  manner  of  loading,  the 
inflection  lines  must  be  half  way  between  the  supports  and  the  panel 
centers.    For  example,  a  square,  1,  2,  3,  4,  if  cut  out  of  the  plate,  may 

P 


be  considered  to  be  affected  by  shears  on  all  four  sides,  each  equal 


4' 
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Mr.     and  by   a   concentrated  load,   P,   acting   upward  at  the   center.     The 

1  ensc  .  gi^g^pg  jj^  each  side  are  not  distributed  uniformly,  but,  assuming-  for 

a  moment  that  they  are  equally  distributed,  then,  according  to  statics, 

PL  P  1  L 

the  moment  about  mn  would  be      -    X  —7-   +  2  X  —    X  —   X   — 

4  4  8  2  4 

^) 
=  —  P  L.     If  now  we  make  the  further  assumption  that  the  plate, 

1,  2,  3,  4,  consists  of  two  plates,  each  of  half  the  thickness  of  the  original 

plate,  and  that  on  one  plate  are  acting  the  shears,  1,  2  and  3,  4,  and  on 

the  other  one  the  shears,  1,  3  and  2,  4,  the  moment  about  a  line  through 

P  L 
0  for  each  plate  becomes  ——7-.    Will  anybody  dare  to  say  that  by  welding 


16 
the  plates  together  the  moment 


PL 

In" 


will  become  greater? 


The  same  line  of  reasoning  could  be  applied  to  a  flat  plate  loaded 
with  a  -uniform  load.  The  lines  of  inflection  in  this  case  will  be 
nearer  the  support,  but  again  we  will  find  a  smaller  moment  about  mn 
in  the  case  of  two  plates  than  in  that  of  one  plate  and,  in  order  to 

W  L 

obtain  the  moment  of  ,  we  have  had  to  make  the  assertion  that 

8 

two  plates  are  stronger  than  one  plate  of  twice  the  thickness. 

(5).— Fig.  22  is  taken  from  Bulletin  No.  67  of  the  University  of 
Illinois,  "Reinforced  Concrete  Wall  Footings  and  Column  Footings", 
by  A.  N.  Talbot,  M.  Am.  Soc.  C.  E.  This  figure  and  the  accompanying 
reasoning  were  evidently  made  after  the  results  of  all  the  tests  were 
known,  and  Professor  Talbot  concluded  that  the  best  agreement  with 
the  tests  can  be  obtained  by  assuming  that  one-fourth  of  the  load  (not 
one-half)  is  assumed  to  be  acting  in  each  direction.  His  intuition  in 
this  case  was  guided  by  a  great  number  of  tests;  and  the  moment, 
derived  from  the  assumption  illus-  1 „ 

W  L 

trated  in  Fig.  22,  averaging 


13    ' 

is  exactly  the  same  as  thajt  pro- 
posed by  the  Committee  for  flat 
slabs. 

(^). — The  Committee  was  ex- 
tremely careful  in  most  of  its 
recommendations,  and  was  always 
aware  that  any  ruling  it  made 
must  be  made  for  average  work- 
manship only;  it  was  aware  that 
only  rarely  is  the  designer  the 
superintendent  of  construction 
(which  ought  to  be  the  case),  and 


z 

/ 

/ 

/ 

/ 

/ 

< 

tr 

\ 

\ 

\ 

\ 

\ 

Fig.  22. 
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ii"  this  conservative   Committee  allowed  the  sum  of  the  moments  in     Mr 


flat  slabs  to  be  taken  as instead  of  ——-  m  beams  or  slabs,  the 

l;j  o 

numerical  sum  of  the  theoretical  moments  at  one  side  and  one  center 

,      TT  i    ■  ^      ,^        W  L 
of  one  panel,  for  this  reason  alone,  must  be  rather  than   — - — . 

(5). — It  would  have  been  more  appropriate  to  point  out  the  error 
in  the  books  of  Grashof,  Fopple,  or  Lanza,  than  to  lean  on  the  tensile 
stresses  of  the  concrete. 

It  is  to  be  hoped  that  very  soon  proper  tests  will  be  made,  proving 
that  the  so-called  punching  shear  (which  means  shear  near  a  support 
in  a  continuous  structure)  is  not  as  dangerous  as  the  ordinary  shear 
in  a  simple  beam,  and  that  the  ruling  of  the  Committee  allowing  a 
shearing  stress  25%  higher  than  in  a  simple  beam  is  correct. 

The  Committee  advises  that  special  attention  be  given  to  wall 
columns  and  corner  columns,  because  the  unequalized  negative  moment 
will  be  transmitted  to  the  columns.  Many  engineers  would  have  been 
very  thankful  if  some  rule  had  been  given  showing  how  to  estimate 
such  moments.  The  writer  gave  a  very  simple  formula  for  these 
moments  in  his  discussion*  of  Mr.  Nichols'  paper. 

Floor  Slabs  Supported  Along  Four  Sides. — The  same  liberal  views 
shown  in  the  case  of  ordinary  flat  slabs  do  not  seem  to  have  prevailed 
in  the  ruling  on  floors  of  this  type.  As  previously  mentioned,  the 
tensile  stresses  in  the  concrete  are  just  as  effective  in  this  case  as  in 
that  of  the  flat  slab  on  four  columns,  yet  the  Committee  retained 
the  ruling  which  originally  was  copied  in  the  United  States  from 
German  sources   (where  they  did  not  believe  in  their  own  prophets), 

W  L 
that  a  square  slab  shall  be    figured  in  the  center  according  to  , 

W  L         W  L 

,  or  ,  according  to  whether  the  slab  is  a  simple  slab,  partly  or 

20  24 

entirely  fixed  at  the  ends. 

The  ruling  of  the  French  Committee,  based  on  tests  of  large  slabs 

]V  L    W  L        ,    W  L     ^  ^    .       ^^ 
to  destruction,  gives  the  moments  of  -— —,  -  -    ,  and   — -—  ,   L  being  tlie 
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clear  span  of  the  slab.  The  Special  Committee's  meaning  of  the 
span — whether  the  clear  span  or  the  span  from  center  to  center  of 
beams — is  left  indefinite  in  this  case.  The  Committee  evidently  did 
not  consult  the  tests  to  destruction  on  such  slabs  made  by  Professor 
Bach  on  behalf  of  the  German  Committee  and  others,  or  it  would 
not  have  limited  their  use  to  cases  where  the  length  did  not  exceed 
one  and  one-half  times  the  width.  There  are  a  number  of  tests  on 
record  where  slabs  of  a  length  of  two  and  one-half  times  the  width 

»  Transactions,   Am.   Soc.    C.    E.,    Vol.   LXXVII,    p.    1682. 
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Mr.  showed  an  immense  increase  of  strength  over  a  slab  supported  only 
''^'^^'-'^-  on  the  long  sides. 

The  Committee's  ruling  is  in  full  accordance  with  the  building 
codes  of  nearly  all  large  cities  in  the  United  States,  and  this  unfavor- 
able ruling  tempts  many  designers  to  use  flat  slabs  where  they  should 
,  not  be  used.  The  writer  wishes  to  refer  to  concrete  buildings  from 
two  to  five  stories  in  height,  where,  by  the  use  of  flat  slabs,  the  stability 
of  brick  walls  is  endangered,  or  where,  instead  of  the  more  economical 
brick  walls,  a  skeleton  construction  is  used  in  order  to  take  care  of 
the  negative  moments  of  the  flat  slabs  in  the  outside  panels.  A  more 
liberal  ruling  for  slabs  supported  on  four  sides  is  urgently  needed. 

The  chapters  on  diagonal  tension,  shear,  and  bond  do  not  lay 
enough  emphasis  on  the  great  importance  of  hooks  at  the  ends  of 
bars.  Too  much  reliance  is  placed  on  the  now  nearly  general  use 
of  deformed  bars.  The  German  Committee  had  tests  made  on  about 
100  beams,  all  of  the  same  size,  reinforced  with  the  same  percentage 
of  steel,  and  all  designed  for  the  special  purpose  of  finding  the  influence 
of  hooks  when  only  straight  bars  were  used  or  when  one-half  or  more 
of  the  bars  were  bent  up,  and  in  parallel  series  with  and  without 
stirrups.  In  this  long  series,  not  one  beam  can  be  cited  where  the 
omission  of  hooks  did  not  show  a  marked  reduction  of  the  ultimate 
load  over  bars  with  large  hooks.  Where  hooks  were  omitted  in  one- 
quarter  of  the  bars,  the  drop  was  about  10%,  where  one-half  of  the 
bars  were  without  hooks,  the  drop  was  about  20%,  and  where  all  the 
bars  were  without  hooks,  the  drop  was  50%  and  more.  This  impor- 
tance of  hooks  in  simple  beams  is  greatly  under-estimated  in  the  United 
States,  and  wrong  conclusions  are  often  drawn  from  tests,  because 
the  great  influence  of  hooks  is  overlooked. 

Professor  Moersch  made  tests  on  beams  reinforced  with  deformed 
bars  without  hooks,  and  found  the  drop  the  same  as  with  plain 
bars  without  hooks.  The  great  importance  of  hooks  is  also  shown  in 
the  tests  made  by  Professor  Talbot  on  wall  and  column  footings.  In 
the  face  of  these  facts,  the  paragraph:  "As  an  additional  safeguard, 
end  anchorage  may  properly  be  used  in  special  cases"  and  "anchorage 
of  longitudinal  bars  at  the  ends  of  beams  is  advantageous,"  will  not 
impress  on  the  reader  the  importance  of  the  subject. 

It  probably  is  a  surprise  to  many  engineers  that  the  Committee 
advises  the  use  of  only  two-thirds  of  the  external  shear  in  making 
calculations  for  the  web  reinforcing,  yet  this  ruling  is  good  engineering, 
and  may  be  accounted  for  by  the  following  consideration:  A  concrete 
beam  has  a  considerable  arch  action,  and  may  be  considered  to  be  a 
combination  of  truss  systems  like  those  shovm  in  Figs.  23,  24,  25, 
and  26. 

In  a  plain  concrete  beam,  the  truss  system.  A,  will  carry  the  same 
load    as    System    B,    for    the    reason    that    the    width    of    the    bands. 
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a  and  h,  is  probably  very  much  greater  than  in  the  center  of  the  beam,     Mr. 
hence  the  stresses  are  very  low  and  the  strains  in   compression  are  " 
the  same  as  in  tension. 

In  a  concrete  beam  with  a  low  percentage  of  straight  bars  only, 
without  stirrups  (Fig.  23),  the  truss  System  A  will  carry  a  great  deal 
more  than  System  B,  because  the  stresses  in  a  and  h  are  now  very 
much  higher,  and  h  in  tension  is  weaker  than  a  in  compression.  In 
order  that  System  A  shall  be  effective,  there  must  be  a  good  connection 
between  a  and  the  horizontal  reinforcement.  This  connection  is  gen- 
erally furnished  by  the  bond  of  the  concrete  to  the  steel  rods,  and 
when  this  bond  is  partly  overcome,  System  B  will  take  up  a  larger 
load  until  the  stresses  in  h  cause  the  concrete  to  crack,  when  System  A 
will  gradually  take  i;p  the  entire  load. 


Fig.  23. 
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Fig.  26. 

At  this  time,  practically  the  entire  horizontal  component  of  the 
force  in  a  must  be  taken  up  by  the  reinforcement  near  the  support. 
The  vertical  component  of  a  will  have  a  tendency  to  bend  the  rein- 
forcement, even  to  push  it  out  of  the  concrete,  and  to  strain  the 
concrete  in  tension  in  a  horizontal  direction.  In  fact,  many  tests 
show  horizontal  cracks  near  the  steel  rods,  which  cracks  will  weaken 
the  bond,  and  the  connection  between  a  and  the  steel  rods  will  have  to 
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Mr.^  rely  on  the  bond  beyond  the  supports.  Only  rarely  are  freely  supported 
girders  extended  out  a  sufficient  length  beyond  the  supports  to  form 
this  connection,  and  the  importance  of  hooks  at  the  ends  of  the  bars 
may  now  be  seen  clearly.  Some  of  the  tests  of  the  German  Committee 
seem  to  indicate  that  a  large  round  hook  in  a  1-in.  round  bar  is  suffi- 
cient for  an  anchorage  of  13  000  lb. 

Where  the  shear  in  a  concrete  beam  is  low,  the  trusses  will  have 
a  shape  like  that  shown  in  Fig.  24.  In  this  case,  the  diagonals,  a 
and  b  are  much  steeper,  and  will  require  less  bond  than  those  in  Fig.  23. 
The  truss  systems  will  be  in  action  as  long  as  the  stresses,  h  and  V; 
are  below  the  ultimate  tensile  strength  of  the  concrete. 

Beams  are  generally  tested  with  concentrated  loads,  and  vertical 
cracks  in  the  concrete  will  appear  near  the  points  of  application  of 
the  loads,  which  will  diminish  the  effective  area  for  the  diagonals,  b, 
and  the  diagonal  cracks  will  generally  start  at  the  end  of  a  vertical 
crack.  This  behavior  of  concrete  beams,  reinforced  with  straight 
rods,  and  with  a  low  end  shear,  is  beautifully  illustrated  in  the  photo- 
graphs, 22  to  28,  Technologic  Paper  No.  2,  of  the  U.  S.  Bureau  of 
Standards. 

When  stirrups  are  used,  the  action  of  b  and  V  is  not  limited  any 
more  to  the  tensile  strength  of  the  concrete  alone,  but  the  action  of  V 
is  limited  by  the  connection  between  a  and  V.  The  stirrups  partly  take 
up  the  stresses  in  V  and,  by  components,  the  stresses  in  b.  Hooks  at 
the  ends  of  stirrups,  when  the  latter  are  highly  strained,  are  just  as 
important  as  in  the  case  of  horizontal  bars,  and  a  great  number  of 
small  stirrups  will  be  more  effective  than  a  few  large  ones.  Systems 
A  and  B  can  be  replaced  by  a  number  of  systems,  in  order  to  make 
all  stirrups  effective,  but  the  final  result  can  be  better  understood  by 
assuming  only  one  System  A  and  one  System  B  as  acting.  Because 
the  horizontal  component  of  a  in  Fig.  24  is  smaller  than  that  in  Fig. 
23,  the  bond  stresses  will  be  smaller,  but,  as  a  rule,  even  a  great  many 
stirrups  will  not  suffice  to  allow  the  omission  of  the  hooks  at  the  ends 
of  the  horizontal  bars. 

Where  bent-up  bars  are  used,  the  main  systems,  A  and  B,  will  have 
about  the  shape  shown  in  Fig.  25.  The  forces  in  the  diagonals  will  be 
limited  again  by  the  bond  at  the  upper  ends  of  the  bent-up  bars  just 
as  a  is  limited  by  the  bond  at  the  ends  of  the  horizontal  bars.  It  may 
be  noticed  that  the  second  bent-up  bar  from  the  support  is  in  common 
for  both  systems  A  and  B,  which  explains  the  fact  that  diagonal  cracks 
generally  appear  first  quite  a  distance  from  the  support.  Stirrups  will 
be  helpful,  especially  in  the  part  where  the  bent-up  bars  are  omitted, 
or  near  the  supports,  in  order  to  prevent  the  weakening  of  the  bond 
of  the  horizontal  bars.  In  a  well-designed  beam,  truss  systems  A  and 
B  will  be  equally  effective,  and  each  system  will  take  up  half  the 
shear,  but,  evidently   on  account  of  the  indeterminate  action  of  the 
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trusses,  the  Conmiittee  decided  on  the  rule  to  use  two-thirds  of  the     Mr. 
external  sliear  for  the  calculation  of  shear  members.     That  a  graphical  ' 
solution  of  stresses  in  shear  members  will  be  more  correct  than  For- 
mulas (22)  to  (27),  is  evident  from  the  foregoing.    Inasmuch  as  hooks 
play  such  a  large  role  in  the  effectiveness  of  reinforcement,  proper 
tests  in  this  direction  ought  to  be  made  at  an  early  opportunity. 

In  Chapter  VIII,  the  writer  finds  a  great  advance  in  the  ruling  to 
allow  35%  of  the  compressive  strength  in  bearing,  where  the  surface 
of  the  concrete  is  twice  the  loaded  area. 

The  column  ruling,  although  liberal  and  in  full  agreement  with 
tests,  is  not  broad  enough  for  all  practical  applications.  The  Commit- 
tee should  not  have  placed  the  lower  limit  of  spiral  reinforcement  at 
1% ;  it  should  have  been  placed  at  i%,  and  it  should  have  allowed  a 
higher  upper  limit,  and  given  proper  working  formulas  for  these  cases. 

The  writer  is  greatly  surprised  that  this  conservative  Committee 
allows  a  stress  of  16  000  lb.  per  sq.  in.  on  mild  reinforcing,  without 
specifying  that  it  should  apply  only  to  properly  twisted  bars,  or  other- 
wise to  state,  like  the  French  Committee,  that  this  ruling  is  on  account 
of  the  demand  of  practice  (high-carbon  steel  bars  are  not  a  commercial 
article  in  France),  and  that  it  really  results  in  a  factor  of  safety  of 
considerably  less  than  3  with  the  best  of  workmanship.  No  mention 
is  made  of  the  use  of  high-carbon  steel  bars,  and  it  can  be  stated  posi- 
tively that  the  commercial  high-carbon  steel  bars  (even  re-rolled  bars) 
can  be  stressed  to  26  000  lb.  per  sq.  in.  to  give  the  same  strength  in  a 
reinforced  concrete  beam  as  mild  steel  bars  stressed  to  16  000  lb.  per 
sq.  in. 

!N^o  ruling  which  the  Committee  has  made  is  so  discordant  with  gen- 
eral practice  and  will  be  so  generally  disregarded  as  the  deliberate 
omission  of  high-carbon  steel  bars,  and  it  positively  damages  the  indus- 
try. The  writer  is  well  aware  that  structural  steel  designers  with  little 
experience  in  reinforced  concrete  are  all  in  favor  of  the  Committee's 
ruling. 

The  ruling  in  regard  to  the  various  values  of  n  in  Paragraph  8, 
Chapter  YIII,  only  confuses  the  student.  It  was  originally  proposed 
by  tlie  French  Committee  for  the  use  of  column  reinforcing,  but  it 
would  have  been  very  much  simpler  to  recommend  to  calculate  with 
an  ultimate  resistance  of  the  steel  rods  of,  say,  30  000  lb.  per  sq.  in., 
which  is,  in  fact,  all  that  the  various  values  of  n  result  in. 

G.   S.  Bergendahl,*  M.  Am.   Soc.   C.  E.   (by  letter). — In  the  dis-         Mr. 
cussion  of  Professor  Eddy's  discussion  by  F.  E.   Turneaure,  M.  Am.  bergendahl. 
Soc.   S.  E.,t  it  appears  that  Mr.  Turneaure  has  not  properly  treated 
the  shear  in  a  flat  plate  floor.     For  example,  in  Fig.  15,  he  treats  the 
shear  on  the  column  faces,  C-B  and  D-E,  as  entering  into  the  moment 

*  Chicago,  111. 
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Mr.  about  J-K.  Moment  is  a  directed  quantity,  and  shear  enters  into 
rgen  a  .  ^^^  production  of  moment  only  as  it  is  normal  thereto.  When  parallel 
thereto,  it  does  not  enter  into  the  moment  under  consideration.  There- 
fore, Mr.  Turneaure  has  incorrectly  taken  twice  the  shear  that  actuallj' 
operates  in  producing  a  moment  normal  to  the  line,  J-K,  and  is  in 
error  in  his  criticism  of  Professor  Eddy  for  that  reason.  This  is 
elementary.  Professor  Talbot  likewise  appears  to  misunderstand  this 
simple  relation. 

The  Committee  has  correctly  recognized  this  principle  in  its  treat- 
ment of  the  square  slab  supported  on  beams  on  four  sides  in  its  divi- 
sion of  the  moment  between  the  two  directions,  and  it  seems  only 
thoughtlessness  to  have  failed  to  follow  the  same  correct  principle 
in  treating  the  shears  on  planes  at  right  angles  to  each  other,  when 
the  slab  is  supported  on  columns  at  the  four  corners  instead  of  on 
beams  at  the  four  sides. 

The  report  requires  twice  as  much  steel  as  that  necessary  to 
develop  the  strength  of  the  concrete  in  flat  slab  construction.  There- 
fore, 50%  of  the  steel  which  the  Committee's  rule  requires  to  be  em- 
bedded, is  wasted.  It  is  strange  that,  with  all  the  facilities  this  Com- 
mittee has  had  at  its  disposal,  it  has  not  determined  the  relation  of 
the  quantity  of  steel  that  is  required  to  balance  and  develop  the  full 
strength  of  the  concrete  in  this  type  of  construction.  Any  information 
which  furnishes  grounds  for  rational  economy  in  engineering  struc- 
tures should,  as  Professor  Talbot  says,  be  welcome,  even  if  it  requires 
the  frank  admission  of  erroneous  assumptions  on  the  part  of  some  of 
our  members. 

After  building  and  testing  flat  slab  floors  for  the  past  nine  years, 
the  writer  has  some  very  definite  and  exact  information  as  to  the 
deportment  of  structures  of  this  kind  in  regard  to  which  it  would  seem 
the  Committee  was  entirely  lacking,  in  view  of  the  nature  of  its  report. 
The  advantages  of  this  kind  of  construction  can  only  be  secured  by 
the  relatively  close  spacing  of  the  slab  rods.  Those  who  have  failed 
to  carry  out  their  construction  with  due  consideration  of  this  feature 
have  secured  results  in  keeping  with  beam  action  rather  than  the 
advantages  of  imitation  of  plate  action. 

The  thing  which  is  most  striking  about  the  Eddy  theory  is  that 
by  it  one  can,  in  a  properly  designed  flat  slab,  actually  predict  and 
compute  in  advance  the  deflections  that  will  be  measured  under 
load  and  the  stresses  that  will  be  found  in  the  steel.  Substantial 
agreement  of  theory  with  ascertained  fact  may  appear  of  no  weight 
to  Professor  Talbot  and  certain  members  of  the  Joint  Committee,  but 
it  IS  regarded  by  the  practical  engineer  as  the  only  criterion  on  which 
sound  judgment  can  safely  be  founded. 
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E.  S.  Martin,*  Assoc.  M.  Am.  See.  C.  E.  (by  letter) .—There  are     Mr. 
some  recommendations  in  the  report  which  merit  critical  consideration. 

Under  the  head  of  "Floor  Slabs  Supported  Along  Four  Sides",  it 
provides  that  the  reinforcement  over  the  outer  quarter  slab  widths 
may  be  one-half  of  that  in  the  middle  belt.  This  is  a  distribution 
which  the  writer  has  used  many  times,  and  believes  to  be  conservative 
and  well  founded,  but  he  fails  to  see  any  reason  for  using  more 
reinforcement  in  the  middle  belt  when  the  outer  belts  are  reduced 
than  when  uniform  reinforcement  is  provided.  Certainly,  the  relief 
from  flexure  afforded  to  the  slab  along  the  supporting  beams  by  these 
beams  does  not  add  to  the  bending  moment  sustained  by  the  middle 
portion  of  the  slab. 

There  is  a  requirement  tmder  Section  6  of  Chapter  VII,  that  rein- 
forcement at  the  supports  of  continuous  beams  should  extend  beyond 
tlie  inflection  points  a  sufficient  distance  "to  develop  the  requisite  bond 
strength."  This  sentence,  it  is  believed,  will  not  generally  be  inter- 
preted to  mean  exactly  what  it  says,  but,  on  the  contrary,  will  be  con- 
sidered to  require  that  laps  of  reinforced  rods  shall  be  sufficient 
to  develop  their  full  tensile  strength  at  the  point  of  inflection,  not- 
withstanding that  the  tensile  stress  is  zero  at  this  point.  Nearly 
all  cases  met  in  general  building  work  are  properly  taken  care  of 
when  the  steel  extends  to  the  inflection  points.  For  stubby,  heavy 
beams,  in  which  the  tensile  stress  of  the  continuous  steel  piles  up 
faster  than  the  allowed  bond  provides  for,  the  writer  would  prefer 
using  a  hooked  end  for  anchorage  rather  than  depend  on  tension  being 
developed  in  the  rod  where  it  is  surrounded  by  concrete  in  compression. 

For  "flat  slabs",  it  is  recommended  that  the  capital  slope  be  not 
more  than  45°  with  the  vertical;  also,  that  the  depression  be  four-tenths 
of  the  span  in  width  and  not  more  than  one-half  as  thick  as  the  slab. 
In  a  few  cases  the  writer  has  designed  floors  with  wide  flat  capitals, 
thinking  that  he  had  provided  both  capital  and  depression  in  one  form. 
In  this  design  he  has  assumed  that  the  capital  extended  to  the  point 
where  the  total  concrete  thickness  was  twice  the  slab  thiclaiess. 
Although  this  design  does  not  meet  the  requirements  of  the  report, 
the  writer  is  unconvinced  that  it  is  not  good  engineering  practice — 
that  it  is  not  as  good  as  that  recommended  by  the  Committee.  The 
Committee's  requirements  are  in  danger  of  being  followed  blindly  by 
those  without  independent  judgment,  and  should  not  contain  unneces- 
sary provisions  limiting  freedom  of  design. 

The  method  of  slab  design  recommended — by  inner  and  outer  belts 
— is  not  the  best  that  can  be  devised,  although  it  has  been  used  with 
different  formulas  in  both  the  Philadelphia  and  Chicago  rulings.  The 
objection   to   this  method   is  the  fact   that  the  critical   moment   and 

*  Philadelphia,  Pa. 
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Mr. 
Martin. 


lo5G      Discussio^r  on  conceete  and  keinfoeced  conceetb 

Mr.  stresses  occur  around  the  capital  and  decrease  outward  therefrom. 
MartiD.  rj^Q  make  the  belt  method  at  all  workable,  it  is  necessary  to  limit  its 
application  to  designs  having  a  fixed  minimum  ratio  of  capital  diam- 
eter to  span;  otherwise  one  may  find  oneself  relying  on  a  belt  of 
cantilever  steel  several  times  as  wide  as  the  capital,  in  which  only 
the  middle  rods  are  really  effective.  A  minimum  limiting  size  of 
capital  interferes  with  freedom  of  design,  and  unnecessarily  so,  because 
good  designs,  without  over-stressing,  may  be  made  without  capitals, 
if  the  slab  is  thick  enough  and  contains  sufficient  steel. 

The  writer  has  made  a  comparison  of  the  results  found  by  applying 
the  Committee's  method  to  several  buildings  on  which  careful  tests 
have  been  conducted.  Detailed  reports  of  these  tests  have  been 
published  in  engineering  journals.*  For  purposes  of  comparison,  it 
is  also  of  interest — and  what  is  more,  necessary — to  examine  the  results 
of  similar  tests  on  beams,  and  beam  and  slab  buildings.  These  figures 
are  given  in  Tables  6  and  7.  The  flat  slab  figures  are  given  in  Table  5. 
Although  the  writer  has  not  presented  as  many  beam  data  as  desir- 
able, those  given  are  sufficient  for  general  conclusions. 

In  studying  these  figures,  one  should  keep  in  mind  the  vital  differ- 
ences between  the  beam  and  slab  floor  and  the  flat  slab  floor.  A 
glance  at  the  computed  and  measured  stresses  for  the  increasing  loads 
of  Beam  72  (Table  6)  shows  that  the  tensile  value  of  the  concrete 
keeps  the  steel  tension  below  the  computed  values  for  light  loads,  and 
that  the  concrete  effect  dies  out  with  the  heavy  loads,  loads  causing 
measured  stresses  of  from  16  000  to  20  000  lb.  of  unit  tension  in  the 
steel.  The  percentage  of  tension  steel  (1.27)  in  this  case  is  high.  A 
lower  percentage  would  have  shown  greater  differences  between  com- 
puted and  measured  stresses.  One  can  form  no  conclusions  from  the 
measured  stress  when  this  is  low,  but  when  it  is  high — from  16  000 
to  20  000  lb. — the  elongation  is  such  that  the  concrete  is  broken  up 
and  its  tensile  effect  destroyed.  The  percentage  of  reinforcement 
is  not  of  much  importance  in  such  a  case. 

Now,  in  the  beam  and  slab  floors,  it  is  evident  that  the  entire  slab 
is  effective  in  tension  at  the  supports  of  the  beams  and  girders,  and, 
consequently,  the  percentage  of  reinforcement  (ratio  of  tensile  steel 
to  tensile  concrete)  is  low,  though  the  contrary  is  true  at  the  mid-span 
of  a  beam.  Such  conditions  do  not  exist  in  the  flat  slab,  and  allow- 
ances should  be  made.  For  instance,  at  the  column  capital  of  a  flat 
slab  floor,  the  maximum  quantity  of  steel  is  used,  and  the  only  con- 
crete in  tension  is  that  above  the  neutral  axis  of  the  slab  for  the 
circumference  of  the  capital.  The  conditions  as  regards  the  tensile 
value  of  the  concrete  are  similar  to  those  at  the  mid-span  of  a  beam. 

Table  5  shows  that  the  Committee  method  allows  a  liberal  margin 
in  all  cases  over  the  measured  stresses  in  the  reinforcement,  but  no 

*  Most  of  them  are  in  the  Bulletins  of  the  University  of  Illinois. 
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TABLE  6. 

I'rom  Bulletin  28,  University  of  Illinois,  October  5tli,  1908,  Page  10. 

Beam  72.    Percentage  =  1.27 


Mr. 
Martin. 


Measured. 

Computed. 

Measured. 

Computed. 

Measured. 

Computed. 

1  800 

6  300 

14  700 

17  400 

29  400 

29  300 

2  100 

8  000 

17  700 

19  300 

31  800 

31  400     ■■' 

3  600 

9  700 

20  100 

21  400 

36  900 

35  800 

6  000 

11  500 

23  100 

23  300 

42  000 

39  300 

7  500 

13  400 

25  800 

25  300 

47  700 

42  900 

10  500 

15  300 

27  900 

27  300 

61  200 
108  000 

47  600 
49  600 

TABLE  7. 


Wenaldkn 

Building. 

ToRNER  Carter  Building. 

Stresses,  400-1  b.  test. 

Stresses,  300-lb.  test. 

Measured. 

Computed. 

Measured. 

Computed. 

•6 
a 

Steel 

13  000 
2  200 

44  000 

1  700 

'"966 

31  000 

i 

■a 

Concrete 

1  200 

5 

si 

Steel 

17  000 

19  000 
420 

9  300 
200 

12  500 
300 

Concrete 

s 

T3 
S3 

Steel 

16  000 
2  000 

36  000 
1  900 

7  800 
1  200 

21  500 
1  300 

OS 

Concrete 

J-  a 

Steel 

16  000 

22  000 
440 

9  000  (?) 

480  (?) 

18  500 

380 

n 

Concrete 

S 

73 

Steel 

11  000 

69  000 

'i'256 

19  600 
■■      1200  i 

Si 

£1 

a 

Concrete 

a 

3 

Steel 

15  COO 

26  000 

10  600 

380 

17  000         , 
350 

Concrete 

12  months  old. 

50  days  old. 

W  K 
Computed  stresses  :  -— -  ;  L  =  clear  span 


3  in. 


margin  whatever  for  the  concrete  stress  at  the  capital,  although  the 
latter  is  measured  on  an  8-in.  gauge  line,  beginning  at  the  capital, 
and  is  based  on  a  nominal  value  for  the  modulus  of  elasticity.  In 
the  writer's  opinion,  the  depression  thickness,  in  general,  should  be 
not  less  than  one-half  the  slab  thickness,  rather  than  not.  more  than 
this,  as  a  limit  which  the  Committee  states. 
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Mr.  Comparison  of  measured  and  computed  stresses  in  the  beam  and 

slab  floors  shows  evident  arching,  as  the  concrete  stresses  at  the  ehds 
check  roughly,  and  the  steel  stress  at  mid-span  measures  less  than 
that  computed,  even  at  the  higher  values,  and  the  concrete  in  tension 
is  of  too  small  a  quantity  to  have  much  effect. 

Several  of  the  discussions  on  the  report  of  the  Committee  have  had 
reference  to  the  theoretical  phase.  Although  the  v^riter  has  much 
respect  for  many  of  the  theories  put  forth  to  explain  the  deportment 
of  a  flat  slab,  he  does  not  consider  that  any  of  them  so  far  advanced — 
not  even  the  Committee's  assumptions — have  been  established  beyond 
question,  so  that  they  may  be  confidently  follovped  in  quantitative 
design,  that  is,  to  give  definite  vtilues  of  stresses.  He  feels  much  safer 
when  he  knows  that  stresses  are  conservative,  in  the  light  of  all  the 
measured  stresses  of  the  numerous  careful  tests  that  have  been  conducted. 

The  writer  questions  the  necessity  of  providing  a  wide  margin 
of  computed  stress  over  the  highest  measured  stress  at  the  capital  edge. 
The  standard  beam  designs  do  not  require  a  material  margin  at  mid- 
span  where  corresponding  conditions  exist.  He  questions  the  necessity 
of  providing  a  margin  of  from  300  to  500%  at  mid-span,  except  when 
the  measured  stresses  are  low,  with  low  percentage.  He  questions 
the  adequacy  of  the  20%  additional  for  outside  panels,  if  the  interior 
panels  are  economically  designed.  Test  measurements  show  that  wall 
panels  have  stresses  from  50  to  100%  greater  than  interior  panels, 
depending  on  the  span  length. 

Mr.  W.  K.  Hatt,*  M.  Am.  Soc.  C.  E.  (by  letter).— The  Special  Com- 
mittee has  adopted  a  simple  and  safe  treatment  of  the  mechanics  of 
the  reinforced  concrete  flat  slab.  The  moment  coefficients  resulting 
from  this  treatment  are  thought  to  be  too  large  by  many  constructors. 
Some  attempt  to  reduce  these  coefficients  by  bringing  into  the  analysis 
certain  poorly  defined  phrases  and  novel  elements  that  are  without 
experimental  basis.  Others  bring  into  evidence  the  large  number  of 
tests  of  flat  slab  floors  in  buildings,  which  uniformly  show  a  resisting 
moment,  as  determined  by  steel  stresses  under  design  loads,  which  is 
much  smaller  than  those  specified  by  the  Committee. 

The  writer  wishes  to  record  measured  values  of  the  internal  moment, 
as  measured  by  steel  stresses  for  several  tests,  and  to  discuss  the  value 
of  this  evidence. 

Such  tests  have  usually  been  carried  on  by  loading  four  panels 
of  a  floor  to  twice  the  designed  live  load  plus  the  dead  load,  with  meas- 
urements of  the  accompanying  deformations  in  a  portion  of  the  steel 
bars.  When  the  quantity  and  the  depth  of  the  steel  are  known,  the 
internal  resisting  moment  about  the  various  sections  may  be  computed. 

The  following  records  of  tests  are  presented  with  a  view  to  defining 
the  extent  'of  the  discrepancy  between  the  measured  internal  moment 

*  Lafayette,  IncL 
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and  the  external  load  moment.     The  discrepancy  is  not  peculiar  to  flat   Mr. 
slabs,  but  is  found  in  reinforced  concrete  beams.  ^"' 

A  test  of  a  single  beam  in  Purdue  Laboratory,  with  extensometer 
measurements  of  the  steel,  yielded  the  following: 


Uuit  stress  in  steel. 

2  600 
16  300 
21800 
27  200 
39  300 
44  700 


Percentage  of  load  moment 
in  steel  stres.'es. 

16.5 
74.4 
81.5 
86.5 
95.5 
98.1 


The  results  of  33.3  tests  of  reinforced  concrete  beams  with  from  0.4U 
to  1.96%  of  reinforcement  are  given  by  Messrs.  Humphrey  and  Losse.* 


PERCENTAGE  OF  EXTERNAL  taOIVlENT_ 
ACCOUNTED  FOR  BY  STEEL  STRESS 

IN  REINFORCED  CONCRETE, 
O-Flat  Slab  Buildings 

Flat  Slab  Test  Panel  _ 

A  -Beam  and  Girder  Buildings 
+ -Simple  Beams  in  Laboratory 
Ditto  (average) 


10  000  20  000  30  000  40  000  50  000 

Measured  Steei  Stress,  in  Pounds  per  Square  Inch. 

Fig.  27. 

Those  of  the  age  of  4  weeks  are  platted  on  the  diagram,  Fig.  28,  to 
show  the  amount  of  external  moment  accounted  for  by  steel  stresses. 
Evidently,  as  we  might  expect,  the  role  played  by  the  steel  is  less  im- 
portant for  lower  percentages.  Thus,  at  stresses  of  from  30  000  to 
44  000  lb.  per  sq.  in. : 


Percentage  of  reinforcement. 

0.49 
1.96 


Percentage  of  external 
moment. 

73 
92 


The  line  AA'B  in  Fig.  27  shows  the  relation  between  stress  and 
steel  moment  for  two  beams  with  a  low  percentage  of  steel  (0.499). 

*  Technologic  Papers  No.  2,  Bureau  of  Standards. 
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Mr.         A  test  of  a  sample  beam  in  McGill  Laboratory,  with  deformations 


Hatt 


of  steel  assumed  to  be  the  same  as  deformations  of  concrete  measured 
on  the  surface  of  the  beam,  yielded  the  following*: 

unit  stress  in  steel.  ^^'"^Tn'Xf  s^lss"s°"^°' 

4  800  37.8 

16  500  68.5 

30  000  83.5 

50  000  100.0 

Eleven  such  tests  at  McGill  showed  an  average  percentage  of  load 
moment  to  be  resident  in  steel  stresses  as  follows: 

5  000  lb.   per  sq.   in.   of  steel  stress,   52 ; 
14  000    "       "      "      "      "       "  "  71. 

Tests  of  continuous  beams  and  girders  of  existing  buildings  are 
reported  in  the  Bulletin  of  the  Engineering  Experiment  Station  of  the 
University  of  Illinois,  as  follows : 

step)  «trp«<s  Percentage  of  load  moment 

oieei  birebb.  j^  g^^gj  stresses. 

Beam  16  000  77.0 

Girder   17  000  79.0 

Beam   7  500  64.0 

Various  tests  of  flat  slab  buildings,  as  reported  in  the  Bulletin  84 
of  the  Engineering  Experiment  Station  of  the  University  of  Illinois, 
and  elsewhere,  together  with  tests  not  yet  published,  are  grouped  in 
Table  8. 

Erom  an  inspection  of  Fig.  27  and  Table  8,  it  is  evident  that, 
even  at  steel  stresses  when  the  concrete  is  broken  down  in  tension  at 
some  sections,  there  is  a  marked  discrepancy  between  internal  and 
external  moment. 

Thus,  in  No.  7,  at  450  lb.  load,  where  the  slab  is  cracked  clear  down 
to  the  steel,  which  is  stressed  to  30  000  lb.  per  sq.  in.,  only  46.4%  of 
the  external  load  moment,  as  fixed  by  Nichol's  analysis,  is  accounted 
for.  In  this  case  there  are  no  stress  moments  in  corner  columns  to 
be  added,  and  the  load  covered  the  structure  completely. 

Again,  in  Nos.  1-3,  with  a  load  of  twice  the  live  plus  the  dead  load, 
with  the  concrete  quite  generally  cracked,  only  21.6%  of  the  moment 
appears  in  the  steel  stresses.  Here  the  columns  at  the  corners  of 
loaded  panels  contribute,  and  are  not  included  in  the  steel  moments, 
and  the  loaded  areas  are  surrounded  by  unloaded  panels. 

As  the  steel  stress  increases,  the  percentage  of  moment  resident  in 
the  steel  increases  also.  As  the  percentage  of  reinforcement  increases, 
the  part  played  by  the  steel  increases. 

*  Transactions,  Can.  Soc.  C.  E.,  Vol.  XXII,  p.  245. 
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Mr. 
Hatt, 


The  evidence  at  hand  points,  probably,  to  a  more  persistent  opera- 
tion of  these  tensile  stresses  in  the  case  of  flat  slabs,  with  about  one- 
half  of  1%  reinforcement,  than  in  beam  structures,  which  are  more 
heavily  reinforced. 

Although  the  curve  for  beams  with  a  small  percentage  of  rein- 
forcing is  not  greatly  different  from  that  of  flat  slabs,  there  is  this 
real  difference  of  condition.  Below  A'  the  beam  is  not  cracked  in 
tension,  but  the  flat  slabs  in  this  region  of  the  diagram  are  cracked  at 
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critical  sections,  at  least  down  to  the  steel.  There  is  also  this  differ- 
ence, that,  in  the  flat  slabs,  the  deformations  were  measured  on  the 
steel,  whereas,  in  the  beams,  they  were  measured  on  the  surface  of  the 
concrete. 

Individuals  will  no  doubt  attribute  these  remarkable  discrepancies 
between  steel  internal  moments,  appearing  in  steel  stresses,  and  external 
moments,  to  some  other  action  than  the  tension  in  the  concrete.  The 
writer  would  rather  look  to  the  latter  than  to  some  poorly  defined  and 
unproved  agency. 
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In  either  beam  or  flat  slab  structure,  at  ultimate  loads  producing    Mr. 
a  yield  point  in  the  steel  and  ultimate  deformation  in  the  concrete,  the 
external  moment  and  internal  measured  moment  will  agree. 

We  turn  to  ask  if  these  tensile  stresses  in  the  concrete,  which  thus 
appear  to  operate  at  high  steel  stresses  under  high  loads,  may  not  receive 
some  credit  by  the  designer — either  in  the  form  of  reduced  moment 
coefficients  or  increased  steel  stresses.  The  Committee  has  frankly 
stated  that  it  is  reasonable  to  allow  for  the  large  breadth  of  structure 
in  a  flat  slab,  and  the  fact  that  the  tensile  resistance  of  the  concrete 
is  less  affected  by  cracks,  and  so  the  coefficient  has  been  reduced  from 
0.09  to  0.076.  Commercial  practice  has  been  using  0.066.  It  would 
appear  that  there  is  a  comfortable  factor  of  safety  in  the  lower  of 
these. 

It  must  be  remembered  that,  by  reason  of  shrinkage,  and  by  tem- 
perature changes,  this  tensile  resistance  of  the  concrete  may  largely 
disappear,  especially  in  exposed  structures.  Likewise,  the  implications 
of  the  phenomena  of  plasticity  are  not  well  understood.  Then,  too, 
steel  placed  to  take  negative  moment  may  be  depressed  by  careless 
placing,  or  by  the  weight  of  workmen  or  wheel-barrows,  and  the  leverage 
lost. 

Of  course,  the  concrete  must  react  in  compression  to  the  steel 
stresses,  and  also  to  the  tensile  stresses  in  the  concrete.  It  will  not 
do  to  fix  moment  coefficients  with  respect  to  steel  stresses  only,  for 
then  the  compressive  stresses  will  be  much  larger  than  we  compute 
them  to  be.  However,  it  is  probable  that  concrete  in  flexure,  as  ordi- 
narily designed,  has  a  larger  factor  of  safety  in  the  compression  flange 
than  in  tension. 

Considerations  of  mechanics,  of  workmanship,  of  experience  in  con- 
struction, and  the  use  of  flat  slab  buildings,  should  all  enter  into  the 
regulations  for  design.  Public  safety  should  first  of  all  be  sought, 
but  the  conservation  of  material  should  also  be  kept  in  mind.  A 
factory  or  warehouse  is  a  tool  of  industry,  and  the  designer  will  wish 
to  produce  a  useful,  economical,  and  satisfactory  tool  that  is  safe  to  use. 

There  are  a  number  of  unknown  elements  in  flat  slab  design — 
questions  relating  to  distribution,  to  lintel  beams,  and  wall  columns, 
to  proportions  of  drop  panels,  to  design  of  marginal  steel.  In  view  of 
the  extent  of  the  investment  in  fldt  slab  floors,  the  necessity  for  economi- 
cal construction  in  these  critical  times,  and  the  probable  competition 
in  manufacturing  after  the  war,  it  would  seem  necessary  to  spend  the 
$30  000  or  $40  000  required  to  build  and  test  thirty  flat  slab  panels. 
A  saving  of  10%  in  the  cost  of  the  flat  slab  floors  constructed  up  to 
the  present  time,  due  to  a  more  accurate  knowledge  of  their  action, 
would  represent  an  amount  of  $2  000  000. 

The  observation  of  deformations  in  the  steel  by  skilled  observers 
using  the  Berry  extensometers  is  very  accurate.     In  the  earlier  tests, 
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Mr. 'the  effect  of  changing  temperatures  on  both  the  instruments  and  on 
*"■  the  slab  itself  was  not  appreciated.  The  use  of  invar  steel  has  done 
away  with  the  changes  of  length  of  the  instruments;  but  the  changes 
in  length  of  the  reinforcing  bars,  due  to  changes  of  temperature  of 
the  surrounding  concrete  and  the  steel  bars  themselves,  are  important, 
especially  at  early  loads.  A  change  of  20°  temperature  has  caused 
changes  of  length  in  the  reinforcing  bars  equal  to  those  occurring 
under  the  application  of  the  load  for  which  the  floors  were  designed. 
Every  precaution  should  be  taken,  therefore,  to  make  the  observations 
at  such  times  as  equal  temperatures  may  be  maintained,  or  to  adjust 
properly  the  observations  for  temperature  changes. 

Mr.  Charles  F.  Marsh,*  M.  Am.  Soc.  C.  E.  (by  letter). — In  his  sug- 

Marsb.  ggg^g^j  method  of  calculation  for  the  design  of  reinforced  concrete 
beams,  Mr.  Rhettf  has  fallen  into  the  old  error  of  equating  the 
moments  of  the  horizontal  safe  resistance. 

It  is  hardly  necessary  to  point  out  that  such  an  equality  seldom, 
if  ever,  exists  in  a  reinforced  concrete  member. 

The  horizontal  safe  resistances  in  tension  and  compression  must, 
of  course,  be  equal  to  one  another,  and  the  couple  formed  by  the  action 
of  these  safe  resistances  must  be  equal  to,  or  greater  than,  the  imposed 
bending  moment,  but,  unless  the  neutral  axis  is  at  the  mid-point  of 
the  arm  of  the  couple,  it  is  obvious  that  the  moments  of  the  two 
resistances  cannot  equal  one  another. 

Mr.  Clinton  S.  Bissell,:}:  M.  Am.  Soc.  C.  E.  (by  letter). — In  connection 

BisseiL  ^.^j^  ^^^  Final  Eeport  of  the  Special  Committee  on  Concrete  and 
Reinforced  Concrete,  the  writer  notes  with  interest  the  following  state- 
ments in  the  discussion§  by  Mr.  A.  H.  Rhett: 

r,  "The  Appendix  to  the  report  repeats  the  usual  or  standard  textbook 
formulas  for  proportioning  concrete  beams.  It  has  always  seemed  to 
the  writer  that  though  these  formulas  are  normal  for  the  analysis  of 
a  beam  already  built,  they  certainly  operate  in  a  reverse  and  round- 
about manner  for  proportioning  a  new  beam. 

"One  must  first  find  p,  a  proportion  of  an  unknown  area,  then  K, 
a  proportion  of  an  unknown  depth,  then  j,  which  is  a  fraction  of  the 
real  depth,  and  then  d;  and,  from  d,  one  then  works  back  to  the 
absolute  value  of  p. 

"It  is  perfectly  possible  to  solve  a  reinforced  concrete  beam  as 
directly  as  a  steel  beam,  and  from  the  same  basic  elements,  that  is,  the 
bending  moment  and  the  assumed  fiber  stresses  and  moduli  of 
elasticity.    *    *    *" 

^  This  criticism  of  the  method  of  design  is  entirely  justifiable,  in  the 
writer's  mind.     The  method  is  one  of  approximation,  and  frequently 

*  London,  E.  C.  2,  England. 

t  Transactions,  Am.  Soc.  C.  E.,  VoL  LXXXI,  pp.  1153-1159. 

t  Philadelphia,  Pa. 

§  Transactions,  Am.  Soc.  C.  E.,  Vol.  LXXXI  (1917),  p.  1155. 


DISCUSSION  ON  CONCEETE  AND  EEINFORCED  CONCRETE        1565 

leads  to  designs,  the  proportions  of  which  are  not  in  close  conformity     Mr. 
with  the  theory  as  presented. 

The  standard  notation  and  equations  given  in  the  Appendix  to  the 
report  have  been  adhered  to  in  what  follows,  and  a  few  new  symbols 
invented,  such  as  are  necessary  to  demonstrate  a  direct  method  for 
the  design  of  reinforced  beams  and  slabs.  In  the  ideal  beam,  the 
resisting  moment  of  compression,  commonly  called  Mf,  must  equal  the 
resisting  moment  of  tension,  commonly  called  Alg.  This  condition  is 
realized  by  the  use  of  the  "steel  ratio  for  balanced  reinforcement" 
(Equation  (5)),  and  by  a  fact  which  seems  to  have  escaped  notice  here- 
tofore, within  the  writer's  observation,  namely,  when  the  two  resisting 
moments  are  equal,  the  neutral  axis  of  the  beam  is  at  a  distance,  Jcj 
from  the  compressive  face  of  the  beam  such  that: 

k=       ''^'^       (1) 

The  report.  (Equation  (5))  gives  the  ideal  percentage  as: 

1  1 

P  = 


2 ./;  /  /. 


Both  equations  apply  in  the  case  of  beams  reinforced  for  tension 
only,  and  also  in  the  case  of  doubly  reinforced  beams. 

For  the  moment,  let  the  truth  of  these  statements  be  assumed,  and, 
referring  again  to  the  report  (Equations  (2)  and  (21)): 

j  =l_^  k 
•^  3 

k      ^ 


k 

It  will  be  observed  that,  with  one  exception,  these  equations  require 
for  their  solution  only  values  for  n,  fg,  and  fg.     The  exception  is  the 

(V  '  1 

ratio,  — ,  in   Equation  (21).     This   is   taken   at  ^,    provisionally,    so 

that  the  practitioner  may  deduce  k,  p,  j,  and  fg,  for  any  set  of  unit 
stresses  and  elastic  ratio,  n,  which  may  be  desired. 

The  compressive  steel  in  a  doubly  reinforced  beam  is  usually  pre- 
determined as  a  proportion,  r,  of  the  steel  in  tension,  that  is,  A'  =  rA; 

for  example,  if  A'  is  to  be  —  of  A,  then  r  =^  ~.     A  new  constant,  G^ 

3  3 

will  be  used,  involving  r  and  the  width,  h,  of  the  beam,  in  inches : 

1)  p  f    f  ' 
q^U_I±Ia. (2) 


—  -  /; 

r 
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Mr.  Two  additional  constants,  K'  and  K,  which  probably  are  not  new, 

^'""^"- will  also  be  required: 

K'  =  p  b (3) 

K  =p  h  f,  j (4) 

An  elementary  factor,  m,  of  the  bending  moment,  must  also  be 
determined.  This  is  nothing  more  nor  less  than  the  bending  moment 
of  1  in.  of  depth  of  beam;  that  is,  if  the  concrete  in  the  beam  weighs 
150  lb.  per  cu.  ft.,  for  example,  and  the  beam  is  supported  at  each 
end,  freely,  over  a  span  of,  say,  20  ft.,  and  is  to  be  10  in.  wide,  then 
the  weight,  W,  of  a  20-ft.  element,  10  in.  wide  and  1  in.  deep,  will  be: 

(if)   ^''^  ^  ^^  (t2")   =  ^^'^•^''  "'•' 

and,  as    the    moment  is  W  -,    we    have,   for    the    elementary    bending 

h 

208.33  X  20  X  12  ^  .     „  ,     ,  . 

moment,  ni  =  ; =  6  250  in-lb.     Had  this  beam  been  a 

o 

cantilever,    havinff   a   moment,    W  -,  the    element   would   have    been 

208.33  X  20  X  12 

;=  25  000  in-lb.      Hence,  m  =  the  bending  moment, 

in  inch-pounds,  of  an  element  of  a  beam  1  in.  deep  and  h  in.  wide. 

The  total  bending  moment,  M,  which  a  beam  is  required  to  sustain, 
consists  of  the  moments  of  all  weights  and  allowances  due  to  live  load, 
impact,  road  paving,  tracks,  etc.,  including  that  due  to  the  weight  of 
the  beam  itself.  This  latter  moment  is  evidently  equal  to  m  (d  -\-  d"), 
in  which  d"  is  the  distance  from  the  center  of  the  tensile  steel  to 
the  tension  face  of  the  beam,  and  the  remaining  part  of  the  total 
moment,  M,  may  be  designated  as  the  external  moment,  M j,,  all  parts 
of  which  are  specified  or  otherwise  known.     Hence, 

M^=ihe  external  bending  moment,  in  inch-pounds,  which  the 
beam  must  sustain  in  addition  to  the  moment  due  to  the 
weight  of  the  beam  itself. 

The  final  equations  for  the  design  of  beams  and  slabs  may  be  readily 
derived;  they  are  as  follows: 

For  tensile  reinforcement  only: 

A  =  K'  <J  ;  and  M  =  Mj^  +  m  (d  +  d")  y 
For  check  :  (7  = 


\M  I (6) 


K 
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For  doubly  reinforced  beams  :  Mr. 

Bissell. 
Cnse  I. — When  the  depth  of  the  beam  is  unlimited  : 


\  Mf,  -\-  VI  d"         /  m  \  ■■'  m 

'' ^  N  Jv +"0^9"^"  ^   \2{K  +  0.9G))    ^  2  (K  +  0.9  G)  " 


d'        1 
which  wives  d  when  the  ratio, -^  =  -— . 
"   ,  '  c?        10 

I  Mj,  +  m  d"         /  m  +  G  d'  \'^        m  +  G  d' 
'   ^\      K  +  G      '^   \2{K+~G))    "^  2  (A'  +  G) ^^^ 

G  d                A' 
A'  =  -ry-,  ^  =  7,;  aiid  31  =  3ff,  +  m  (d  +  d") (^i) 

Case  II. — When  the  depth  of  the  beam  is  limited : 

M-jr<P 

/,(d-<!') 
A  =  A-  +  A-  ,!  ■,  A'  =  JT^^y  and  r  =  ^ (11) 

All  the  constants  in  these  equations  may  be  deduced  by  Equations 
(1)  to   (4),  inclusive. 

The  working  equations  resulting  from  the  introduction  of  the 
known  values  used  for  any  given  case  are  simple,  and  easy  of  applica- 
tion. It  is  found  convenient  to  assume  a  width,  h,  of  12  in.  in 
forming  the  equations,  as  it  is  the  usual  width  of  an  element  for 
slabs.  Furthermore,  the  external  bending  moment,  Jf^,  can  always 
be  reduced  to  an  equivalent  for  12  in.  of  width,  as  it  is  directly  pro- 
portional, that  is,  a  moment  of  800  000  in-lb.,  for  a  beam  8  in.  wide, 
would  be  100  000  in-lb.  per  inch  of  width,  or,  1200  000  in-lb.,  for  a 
beam  12   in.  wide.     The  areas  of  steel  reinforcement  determined  for 

8 
the  12-in.  beam  must  be  multiplied  by  — ,  in  order  to  give  the  proper 

value  for  the  8-in.  beam.  The  same  reduction  must  be  made  for  the 
total  moment,  M. 

Assuming  that  the  working  values  are  to  be  fe  =  12,  n  =  15, 
fg  =  16  000,  and  fg  ■-=  650,  we  have  from  the  foregoing  equations : 

For  tensile  reinforcement  only  (Equations  (5)  and  (6)): 

•  ^  ^  N      \  200         +    (2^)     +2580- ^"> 

A  =  0.0923  X  d (h) 

M  =  M^  +  m  (d  +  d");  for  check,  d  =  \|p^ (c) 
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Mr. 
Bissell. 


For  double  reinforcement  (Equations  (2),  (7),  (8),  and  (9)) 
Case  I. — When  d  is  unlimited: 
10  595  400 


G  = 


16  000 


(d) 


7  175 


d  = 


Mj,  +  TO  d" 
1  290  +  0.9  G 

d  G 


/  m  \ 

?  ^  \2  (1  290  +  0.9  G)) 


+ 


2  (1  290  +  0,9  G) 


.(e) 


A'  = 


„-,„,;  ^  =  —  ;  and  M  =  Jf    +  m  ((?  +  d") (/) 

7  175  r 


These  tive  equations  determine  the  beam  when  the  ratio  of 
— —  =  —  ;  as  fZ  is  now  known,  tlie  ratio,  — ,  may  be  found  for  any  de- 
sired vahie  of  d' ,  and  the  following  equations  apply  : 

d' 
0.3786 

fj  =  9  750 -^  -  -  -  =J.  -T. 


G  = 


0.3786 
1  477  X  /,' 


16  000 


/; 


(9) 


d  = 


Mj^  +  m  d" 
1  290  +  G 


+ 


d  G 

7-;  ^ 


(m  -\-  G  d'     - 
2  (1  290  +  G). 

A' 


+ 


m  +  G  d' 
2  (1  290  +  G) 


—  ;  and  M  =  M^.  +  to  {d  +  d") . 

J  s 

Case  II. — When  d  is  limited  (Equations  (10)  and  (11)): 
The  total  bending  moment,  M,  in  this  case  is  known  : 

Jf  —  1  290  (?.2 


X  = 


16  000  {d  —  d') 


A  =  X-^  0.0932  Xd;  A'  = 
X 


X  X  16  000  ^ 

7? 


or, 


A'  = 


L.61   (O.S 


3786 


.(i) 
•0') 

(k) 

■0) 


To  illustrate  the  use  of  these  equations  by  working  the  same 
example  under  all  three  cases,  let  it  be  assumed  that  a  beam  is  to  be 
designed,  having  a  span  of  24  ft.;  that  the  beam  is  freely  supported 


at  each  end    (  that  is,  the  moment  of  its  weight  will  be  W 


ly^ 


and 
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that  the  material  in  the  beam  weighs  150  lb.  per  cu.  ft.,  the  remaining     Mr. 
data  being  as  follows:  f^  =  16  000;  /;  =  6."50;  n  =  1.5;  h  =  12  in.,  as  ^'^^^"' 
above;  d"  =  .3  in.;  and  M^  —  900  000  in-lb.     For  this  beam, 

1  X  24  X  150  X  24  X  12 


12  X  8 


=  10  800  in-lb. 


Example   1. — For   tensile    reinforcement    only,   applying   Equations 
(a),  (6),  and  (c): 


900  000 +(10  800X3)         /10  800\'         10  800         ^.    ^ 
\/  1  290  ^    V  2  580  /  2  580 

A  =  0.0923  X  31.4  =  2.90  sq.  in. 
M  =  900  000  +  10  800  (31 . 4  +  3)  =  1  271  520  in-lb. 


_      I  1  271 

-N/~T2^ 


,  -  271  520  ,    ,  . 

Check:  (^  =  v  I — -  ,-)q-. —  =  31.4  in. 


Example  2. — For  double  reinforcement  in  which  d'  =  2.5  in.,  and 

A'  =  —  ^,  or  r  =  — ,  the  other  known  values    being   the    same   as  in 
o  o 

Example  1. 

Applying  Equations  {d)  and  (c)  : 

10  595  400      ^ 

1^-7176 

I 

I  932  400         7l0"800\^       10  800        _   _ 

d'  1 

This,  however,  is  for  a  beam  in  which  — —  =  — -,  or  d'  =2.84  in.  Ordi- 
narily, this  determination  will  be  sufficient,  and  Equation  (/)  may 
be  used: 

28.42  X  259.53        ,  ^  „         .  ,         A' 

A'  =  — — =  1.028  sq.  in.;   A=—  =  3.084  sq.  in.; 

3 

M  =  900  000  -f  10  800  (28.42  +  3)  =  1  239  340  in-lb. 

d'  2.5 

^     To  be   more   exact,  however:  the  ratio, —--= -—^  =  0.0880,  and, 

d        28.42  ' 

applying  Equations  (g),  (/i),  (i),  and  (j): 
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I  932  400        /11482\' 
~  \l     1563    "^  V3l26y    ^ 


11  482 

— -—  =  28.37  in. 
3  126 


'?S  37  X  272  89  1' 

A'  =  ^   '       ^^    ^      "  =  1.034  sq.  in.;  ^  =  Y  =  3.103  sq.  in. 

3£  =  900  000  +  10  800  (28.37  +  3)  =  1  238  800  in-lb. 

A  second  exact  method  is  to  use  the  value,  d  =  28.42,  and  the 
moment,  1  239  340,  in  Case  II,  where  d  is  limited.  In  this  case,  the 
ratio,  r,  will  be  slightly  affected : 

Example  3. — Case  II,  in  which  d  is  to  be  28.37  in.,  the  other  known 
values  to  be  the  same  as  in  Example  2;  here,  the  total  moment,  M,  is 
1  238  800  in-lb.;  applying  Equations  (h)  and  {I) : 

,,       1  238  800  —  1  290  (28.37)=^        ^  ^^^^ 

X  =  ^ —  =  0.4845 

16  000  (28.37  —  2.5)         ^j    J.  .^ 

A  =  0.4845  +  0.0932  X  28.37  =  3.103  sq.  in. 

0.4845 


1.61  (0.3786  —  0.0880) 


=  1.034  sq. in. 


which  agree  with  the  values  in  Example  2. 

It  will  be  noted  that  the  proportions  derived  by  these  equations 
are  adequate  to  sustain  both  the  external  moment  and  the  moment 
due  to  the  weight  of  the  beam  itself. 

It  will  also  be  foiind  on  trial  that  the  resulting  proportions  agree 
with  the  equations  given  in  the  report,  which  goes  far  to  prove  the 
truth  of  the  statements  made  by  the  writer  in  introducing  the  subject. 

The  mathematical  proof  is  to  be  found  by  equating  the  moments 
about  the  neutral  axis,  and  combining  these  results  with  the  linear 
proportions  of  the  deformation  diagram,  which  involve  the  moduli  of 
elasticity. 

It  will  also  be  observed  that  the  writer's  Equation    (1)  : 


k  = 


f\  +  n  /  ' 


which  expresses  this   relation,   is  the  same  as  Equation    (20)    in   the 
report. 

The  use  of  these  equations  affords  a  direct  solution  in  each  of  the 
cases  mentioned,  and  the  results  obtained  will  be  found  to  be  in  exact 
conformity  with  the  equations  cited  in  the  report. 
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J.  E.  Worcester*  M.  Am.  Soc.  C.  E.  (by  letter).— Mr.  Bissell  Mr. 
has  approved  the  point  in  the  discussionf  by  A.  H.  Rhett,  Assoc.  M.  ^o^'^^^^^'^- 
Am.  Soc.  C.  E.,  which  is  based  on  a  fundamental  error,  namely,  that 
in  the  "ideal  beam,  the  resisting  moment  of  compression  *  *  * 
must  equal  the  resisting  moment  in  tension."  He  also  states  that 
"this  condition  is  realized  by  the  use  of  the  'steel  ratio  for  balanced 
reinforcement.' " 

The  first  of  these  statements  can  be  easily  disproved  by  the  follow- 
ing considerations: 

If  the  moment  of  compression  is  equal  to  the  moment  of  tension, 

as  the  total  compressive  stress  must  equal  the  total  tensile  stress,  the 

lever  arms,  from  the  neutral  axis  to  the  centroid  of  compression,  must 

equal  that  from  the  neutral  axis  to  the  center  of  the  reinforcement. 

3  F  2 

This  is  the  case  only  where  K  =        and  -^  =  -    n.     Such  a  ratio  is 

o  F^         '6 

highly    inconsistent    with    ''balanced    reinforcement"    and    with    the 
stresses  assumed  by  Mr.  Bissell  in  his  examples. 

The  second  statement,  as  to  "balanced  reinforcement",  is  due 
clearly  to  a  misunderstanding  of  the  term.  This  might  have  been 
made  clearer  in  the  report  of  the  Committee.  It  merely  means  a 
sufficient  quantity  of  reinforcement,  so  tliat  the  stress  in  the  steel 
shall  bear  the  same  ratio  to  the  maximum  stress  in  the  concrete  as 
the  maximum  stresses  in  the  two  materials  allowed  by  the  specifica- 
tions. This  condition,  although  it  leads  to  using  the  two  materials 
economically,  is  by  no  means  generally  desirable.  Many  conditions 
may  make  it  desirable  to  use  less  steel  than  the  maximum  which 
might  be  allowed.  Generally  speaking,  the  stress  in  the  steel  is  what 
governs  the  design,  rather  than  the  stress,  in  the  concrete;  that  is, 
the  concrete  will  be  stressed  to  much  less  in  compression  than  it 
might  safely  carry;  but,  on  the  other  hand,  it  not  infrequently  occurs 
that  the  stress  in  the  concrete  will  be  the  controlling  feature,  and 
that  an  excess  of  steel  will  be  desirable. 

F.  E.  Turneaure;^  M.  Am.  Soc.  C.  E.  (by  letter). — The  discussion        Mr. 
of   the  report  of  the   Joint  Committee  on    Concrete   and  Reinforced    "™^'*"'^*^- 
Concrete  has,  perhaps,  already  been  too  lengthy,  but,  in  view  of  the 
criticisms  of  the  report  relative  to  some  very  fundamental  matters, 
it  seems   desirable  to  make  a   further  reply,  from  the  standpoint  of 
the  statical  analysis  used  by  the  Committee. 

In  the  discussion  by  Messrs.  Mensch  and  Bergendahl,  the  Com- 
mittee's analysis  is  questioned  on  the  theory  of  "directed  shear".  In 
the  discussion  on  page  1199,§  the  writer  has  applied  the  simple  laws 

*  Boston,  Mass. 

t  Transactions,  Am.  Soc.  C.  E.,  Vol.  LXXXI  (1917),  p.  1155. 

t  Madison,  Wis. 

§  Transactions,  Am.  Soc.  C.  B.,  Vol.  LXXXI. 
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Mr.  of  statics  to  the  half  slab,  and  has  obtained  values  for  bending  moments 
in  the  slab  by  taking  into  account  all  the  vertical  reactions  or  shears 
at  the  corners  of  the  slab,  whether  or  not  these  shears  act  on  lines 
parallel  or  at  right  angles  to  the  direction  of  the  bending  moment.  The 
critics  of  this  method  of  analysis  claim  that  reactions  or  shears  acting 
on  planes  parallel  to  the  direction  in  which  the  bending  moment  is 
calculated  have  no  effect  thereon.  In  other  words,  it  is  claimed  that 
the  principles  of  statics  are  not  applicable  to  this  case.  It  is  plain 
that  if  the  shears  on  BC  and  ED,  Fig.  15,  page  1200,*  are  omitted  in 
determining  bending  moments  on  JK  and  CD,  the  equation  of  equi- 
librium between  internal  and  external  moments  will  result  in  no  bending 
moment  at  all  on  these  lines,  because  the  moment  of  the  shears  on  AB 

and  EF^  amounting  to2X  —  ITX  — —  TTX— ,  would  equal  zero. 

o  2  2  4 

This  sort  of  process  is  entirely  inexplicable  to  the  writer.  If  the  prin- 
ciples of  statics  are  to  be  applied  to  certain  cases  and  rejected  in  others, 
it  is  difficult  to  say  where  to  draw  the  line.  Perhaps  the  remarks  of 
Mr.  Mensch  will  serve  to  determine  this  point.  He  states,  on  page 
1544,  that  the  laws  of  statics  may  be  applied  "only  to  an  absolutely  rigid 
body  or  to  a  body  affected  by  such  small  forces  that  the  strains  and 
stresses  are  practically  nil."  This  is  an  astonishing  statement,  and,  if 
true,  would  render  engineers  practically  helpless  in  all  stress  calcula- 
tions. If  it  is  true  that  reaction  shears  such  as  those  along  the  lines, 
CB  and  DE,  can  produce  bending  moments  only  in  a  direction  at  right 
angles  to  the  line  of  such  shears,  this  fact  should  promptly  be  made 
known  to  the  profession,  as  it  would  save  a  great  deal  of  material  in 
many  forms  of  construction.  It  would  be  easy,  for  example,  to  arrange 
the  end  supports  of  a  long  slab  in  such  a  manner  as  to  eliminate  entirely 
the  bending  moments  in  either  direction  desired.  Such  a  projKJsition 
does  not  appear  to  need  any  discussion. 

Mr.  Mensch  believes  that  he  has  shown  how  a  statical  moment  can 
be  made  to  disappear,  and  has  done  so  by  showing  how  a  thin  slab  sup- 
ported mainly  on  transverse  beams  can  have  its  bending  moment  in  a 
transverse  direction  gradually  reduced  to  zero  by  thickening  the  slab 
until  it  is  equal  in  thickness  to  the  beams.  This  is  no  doubt  true,  but 
a  correct  statical  analysis,  taking  into  account  the  supporting  shears 
along  the  sides  of  the  slab  where  it  rests  on  the  wall,  would  show  it  to  be 
the  case,  and  would  require  no  mysterious  explanation  contrary  to  the 
laws  of  statics.  Here,  again,  an  error  is  made  by  not  taking  into 
account  these  shears. 

In  the  case  of  a  flat  slab,  the  fact  that  it  is  supported  at  its  four 
corners,  instead  of  along  its  sides,  appears  to  be  a  source  of  confusion. 
It  may  be  of   some   assistance  to   those  interested   in   the   details   of 

*  TratisactUms,  Am.  Soc.  C.  E.,  Vol.  LXXXI. 
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analysis  to  consider  the  problem  in  the  following  manner:    Fig.   29        Mr. 
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represents  a  slab  in  which  the  upper  half  is  divided  into  strips  one  unit 
in  width  up  to  the  point  where  the  slab  is  supported  on  the  columns. 
Each  of  these  strips  except  the  last  one  at  the  top  has  acting  on  it  a 
downward  load,  consisting  of  the  dead  and  live  load,  and  shears  along 
the  sides.  In  the  case  of  strip  No.  1,  the  shear  along  the  near  side  is 
zero,  and  the  shear  between  No.  1  and  No.  2  is  equal  to  the  load  on 
strip  No.  1.  The  distribution  of  this  shear  is  not  known,  but  if  it  were 
known,  the  moments  in  this  strip  could  be  accurately  determined.  If 
the  shear  were  uniformly  distributed,  there  would  be  no  bending 
moment,  but,  obviously,  it  is  of  greater  intensity  near  the  ends  than 
near  the  center,  and  the  moment  is  positive  at  the  center  and  negative 
at  the  ends.  Proceeding  further  with  the  problem,  it  is  obvious  that 
strip  No.  1  must  transfer  all  its  load  to 
strip  No.  2,  and,  likewise,  strip  No.  2  to 
No.  3,  and  so  on,  until  we  reach  No.  7. 
As  a  consequence,  there  will  be  a  shear 
acting  between  No.  6  and  No.  7  the  sum 
total  of  which  is  equal  to  the  entire  load 
on  strips  Nos.  1  to  6,  inclusive.  This 
shear  acts  downward  on  No.  7  and,  taken 
together  with  the  load  on  No.  7,  is  trans- 
ferred to  the  columns  on  the  lines,  CB  and 
ON,  and  to   the   column  strip,   ABOG.       j        \f  ^1  h 

The  total  shear  transferred  from  No.  7 
along  the  line,  ON,  must  be  equal  to  the  ^^' 

entire  load  on  the  half -panel  between  CN  and  the  center,  as  there  is  no 
other  place  to  whicli  this  load  can  go.  This  load  amounts,  approximately, 

W 

to  ■ — .     One-half  of  this  is  transferred  to  the  columns,  assuming  the 
2 

W 

shears   on    CB   and  ON  each   equal  to  -— ;  the  other  half,  amounting 

8 

W 

to  —  is  transferred  to  the  column  strip,  ABOO,  and    thence   to  the 

columns  along  AB  and  GO,  there  being  no  shear  on  AG.    Therefore,  it 

comes  finally  to  this:  that,  although  successive  strips  transfer  their  loads 

laterally  up  to  the  line  of  the  columns,  all  of  it  must  finally  be  carried  to 

the  columns  on  the  shear  lines,  CBA  and  GON.    If  we  wish  to  get  the 

total  bending  moment  in  the  slab  on  the  lines,  JK,  AB,  CD,  and  EF 

(positive  plus  negative),  we  may  as  well  then  consider  the  entire  half 

W 
panel  to  the  left  of  JK,  with  column  reactions  of  —-  each.     This  will  give 

a  total  moment  for  the  panel  of  -—  W L.    The  fact  is  that  the  advocates  of 

8 
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~WL  for  the  bending  moment  have,  in  effect,  ignored  the  stresses  in 

the  column  strips,  ABOG  and  EFHL.  They  have  simply  obtained  the 
total  bending  moment  for  a  square  slab,  BELO,  supported  along  its 
edges,  BE,  EL,  etc.     The  shears  on  these  edges  are  each  equal  approx- 

W 

imately    to   — — ,  and,    assuming   a    uniform   distribution   of    shear,   the 

total  bendino^  moments  in  either  direction  will  be  —  W  L\   but,  when  we 

16  '         ' 

consider  the  column  strip,  ABOG,  with  its  load  applied  along  the  line, 

W  L 

BO,  we  will  find  a  bending  moment  in  this  of  .     Adding   the   mo- 

o  32  " 

W  L 

ment  for  the  strip,  EFHL,  we  get for  the  two  column  strips,  and 

16 
W  L 

for  the  total  bending  moment. 

8 

These  precise  results  are  based  on  the  assumption  of  a  uniform 
shear  on  the  line,  BO.  It  would  appear,  however,  that  this  shear  is 
greater  near  the  ends  than  along  the  center,  which,  in  effect,  would 
increase  the  bending  moment  in  the  square  panel,  BELO,  and  reduce 
the  bending  moment  in  the  column  strips.  The  total,  however,  cannot 
be  changed.  Whatever  load  is  transferred  laterally  from  strip  to  strip 
must  eventually  be  taken  by  the  column  strips.  A  mistake  apparently 
made  by  Professor  Eddy  and  some  others  is  in  assuming  that  each  of 
the  strips  can  throw  its  load  on  its  neighbor  indefinitely.  This 
appears  to  be  the  error  in  the  analysis  of  Grashof,  who,  in  his  solution 

of  a  slab  on  point  supports,  derives  a  coefHcient   of   substantially  — . 

16 

In  this  case  the  column  strip,  to  which  his  loads  are  transferred  later- 
ally, disappears,  but  the  moment  oi  -—  W  L  cannot  be  disposed  of  in 

16 

this  easy  fashion.  It  still  exists,  but,  acting  on  a  strip  of  zero  width, 
it  produces  stresses  of  infinity,  a  result  of  some  interest  mathematically, 
but  of  no  practical  value.  Grashof  in  this  way  arrives  at  the  anomalous 
result  that  all  strips  parallel  to  the  X-  or  F-axes  are  curved  in  exactly 
the  same  manner.  This  is  obviously  incorrect,  as  the  distribution  of 
shears  and  moments  in  the  column  strip,  ABOG,  supported  at  its  ends, 
cannot  possibly  be  the  same  as  in  the  slab  strips  supported  along  their 
sides. 

This  situation  seems  to  be  clearly  recognized  by  Professor  Eddy 
himself.*  He  derives  the  same  equations  as  Professor  Grashof,  but 
adds :  "It  is  seen  therefore  that  the  form  of  solution  which  we  are 
investigating  implicitly  assumes  that  at  each  edge  of  the  panel  there  is 

*  In  his  book  on  the  "Flat  Plate  Theory,"  p.  20. 
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some  auxiliary  form  of  structure  that  will  bear  the  shears  coming  to  it  Mr. 
from  each  side,  and  at  the  same  time  assumes  the  curvatures  and 
deflections  contemplated  in  (21)."  He  further  states  that  this  solution 
results  in  a  shear  along  each  edge  of  one-quarter  of  the  total  panel 
load,  and  uniformly  distributed  along  the  edge.  In  the  following  pages 
of  the  book  are  discussed  the  action  of  the  portion  of  the  slab  between 
columns  as  an  auxiliary  girder  in  which  moments  are  produced  by  the 
above  mentioned  shears.  This  auxiliary  girder  is  precisely  the  same 
as  the  column  strips  herein  discussed,  and  in  which  the  bending  moment 

under  the  assumption  of  a  uniform   distribution  of   shear   is  - —  W  L. 

It  is  difficiilt  to   reconcile  the   discussion  of  this  point  in   Professor 

Eddy's  book  with  his  discussion  of  the  Committee's  report,  especially 

with  reference  to  the  subject  of  directed  shears. 

It  is  interesting  to  note  that  Foppl*  arrives  at  an  approximate  value 

?>  W 
for  maximum  fiber  stress  for  the  slab  over  the  columns  of -,  where 

t  =  the  thickness  of  the  slab.     This  is  nearly  twice  as  great  a  stress  as 

would  be  obtained  from  a  coefficient  for  nesjative  moment  of  — ,  assumed 

12 

as  uniformly  distributed  over  the  panel  width,  and  is  a  much  higher 

value  than  recommended  by  the  Joint  Committee  for  the  column  head 

sections.     Foppl  also  adds: 

"It  may  perhaps  be  that  this  estimate  is  a  little  too  high.  However, 
I  scarcely  believe  that  it  is  very  far  from  the  truth — a  fact  that  I  should 
like  to  emphasize  particularly  in  view  of  another  estimate  which  I 
consider  much  too  low." 

It  seems  quite  likely  that  this  statement  refers  to  the  Grashof 
analysis,  made  many  years  previously. 

Professor  Eddy  seems  to  think  that  Professor  Talbot  and  the  writer 
differ  as  to  the  values  of  the  shears.  There  is  no  conflict  between  Pro- 
fessor Talbot  and  the  writer  on  this  point,  as  a  careful  reading  of  the 
discussion  will  disclose.  The  writer  agrees  with  Professor  Eddy's  gen- 
eral statement  on  page  ll79,t  with  reference  to  shears,  but  this  general 
principle  is  not  followed  at  all  in  his  later  analysis  on  page  1184.t  If 
it  were,  he  would  not  have  arrived  at  his  results.  Professor  Talbot's 
lines,  AB  and  CD,  on  page  1203t  do  not  constitute  perimeter  lines,  but 

W 

overlap,  and  the  shear  along  each  one  is  correctly  given  as  — ,  beino- 

W  W 

made  up  of  — —  from  the  interior  pauel  and  twice  —  for  the  narrow 
4  8 

strips  outside  of  the  points  of  intersection. 

*  "Festigkeitslehre",  1914,  p.  285. 
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Mr.  In  conclusion,  the  writer  insists  that  the  analysis  of  the  Committee 

is  fundamentally  sound,  and  based  on  sound  principles,  namely,  the 
laws  of  statics.  Those  who  wish  to  ignore  those  laws  must  resort  to 
some  form  of  guesswork,  and  one  guess  appears  to  be  as  good  as  another. 
The  latest  proposition  relative  to  directed  shears  is  a  selective  method, 
which  is  unsound  and  leads  to  absurd  results  when  applied  to  the 
simplest  problems. 
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In  1897  a  "Historical  Sketch  of  the  American  Society  of  Civil  En- 
gineers" by  the  writer  was  published  by  the  Society.  This  was  issued 
in  book  form  only,  and  a  limited  number  sold,  the  proceeds  being 
turned  over  to  the  Building  Fund  for  the  Fifty-seventh  Street  House. 
At  the  "Washington  Convention,  in  1902  (the  Fiftieth  Anniversary  of 
the  Society),  he  briefly  sketched  the  development  of  the  intervening 
years.  These,  so  far  as  known,  form  the  only  attempt  at  a  connected 
account  of  the  activities  of  the  Society. 

During  the  past  quarter  century  many  things  have  happened,  and 
much  has  been  accomplished  of  which  there  is  no  convenient  and 
readily  accessible  record.  It  is  true  that  much  material,  in  a  more 
or  less  fragmentary  form,  may  be  found  scattered  through  the  250 
monthly  numbers  of  Transactions  and  Proceedings  published  dur- 
ing that  period,  but,  even  if  they  are  all  accessible  in  bound  form,  more 
effort  and  time  are  necessary  to  get  at  the  facts  than  the  busy  engineer 
can  afford. 

In  addition  to  this,  the  growth  has  been  so  rapid  that  only  646 
(about  Yi%)  of  the  present  membership  of  8  544  were  connected  with 
the  Society  at  the  beginning  of  this  period.  It  should  be  remembered 
also  that  the  rate  of  increase  in  membership  has  been  so  much  greater 
during  the  latter  part  of  this  period,  that  5  137  (more  than  65%  of  the 
increase)  have  joined  within  the  last  ten  years. 

*  Presented  at  the  meeting  of  December  5th,  1917. 
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With  full  recognition  of  the  fact  that  statistical  matter  and  figures 
are  more  useful  in  a  printed  than  in  a  spoken  record,  it  is  intended  to 
place  before  you  this  evening  as  briefly  as  possible  the  things  which 
appear  to  be  most  interesting,  and  of  which  the  membership  in  gen- 
eral has  little  if  any  information. 

Early  History. 

The  American  Society  of  Civil  Engineers  was  inaugurated  at  a 
meeting  held  in  the  office  of  the  Croton  Aqueduct  Department,  Ro- 
tunda Park,  New  York  City,  on  Friday,  JSTovember  5th,  1852.  At  this 
meeting  12  Engineers  were  present.  Alfred  W.  Craven,  Chief  Engineer 
of  the  Croton  Aqueduct,  presided.  The  first  Constitution  (adopted 
December  1st,  1852)  declared  the  object  of  the  Society  to  be: 

"The  professional  improvement  of  its  members,  the  encouragement 
of  social  intercourse  among  men  of  practical  science,  the  advancement 
of  engineering  in  its  several  branches,  and  of  architecture,  and  the  es- 
tablishment of  a  central  point  of  reference  and  union  for  its  members." 

The  circular  issued  at  that  time  stated : 

"Civil,  geological,  mining,  and  mechanical  engineers,  architects, 
and  other  persons  who,  by  profession,  are  interested  in  the  advance- 
ment of  science,  shall  be  eligible  as  members. 

"It  is  anticipated  that  the  union  of  the  three  branches  of  civil  and 
mechanical  engineering  and  architecture  will  be  attended  by  the  hap- 
piest results,  not  with  a  view  to  the  fusion  of  the  three  professions  in 
one ;  but  as  in  our  country,  from  necessity,  a  member  of  one  profession 
is  liable  at  times  to  be  called  upon  to  practice  to  a  greater  or  less  extent 
in  the  others,  and  as  the  line  between  them  cannot  be  drawn  with  pre- 
cision, it  behooves  each,  if  possible,  to  be  grounded  in  the  practice  of 
the  others;  and  the  bond  of  union  established  by  membership  in  the 
same  Society,  seeking  the  same  end,  and  by  the  same  means,  will,  it  is 
hoped,  do  much  to  quiet  the  unworthy  jealousies  which  have  tended  to 
diminish  the  usefulness  of  distinct  societies  formed  heretofore  by  the 
several  professions  for  their  individual  benefit." 

The  first  professional  meeting  was  held  on  January  5th,  1853.  Dur- 
ing 1853  and  1854,  fourteen  meetings,  with  an  average  attendance  of 
six,  were  held,  all  in  the  office  of  the  Croton  Aqueduct  Department. 
There  is  no  record  of  any  meeting  after  that  of  March  2d,  1855,  at  which 
the  question  of  the  securing  of  quarters  was  considered  and  the  Society 
adjourned,  until  October  2d,  1867,  when  a  meeting  was  held  at  the  office 
of   C.   W.   Copeland,   171   Broadway,   New  York   City,   at   which   the 
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Minutes  of  the  Meeting  of  March  2d,  1855,  were  accepted,  and  the 
object  of  the  meeting  stated  to  be  "to  take  such  steps  as  might  be 
necessary  to  resuscitate  the  Society." 

Society  Headquarters. 

The  result  of  this  was  that  the  first  home  of  the  Society  was  in 
rooms  in  the  Chamber  of  Commerce  Building,  63  William  Street, 
New  York  City,  where  the  First  Annual  Meeting  was  held  on  Novem- 
ber 6th,  1867. 

In  1871  the  quarters  in  William  Street  were  enlarged  by  the  rent- 
ing of  additional  rooms,  and  on  May  1st,  1875,  new  qviarters  were 
secured  on  the  southeast  corner  of  Broadway  and  Twenty-third  Street. 

On  May  1st,  1877,  the  Society  moved  into  a  house,  No.  104  East 
Twentieth  Street,  which  it  rented. 

In  April,  1881,  a  dwelling  house.  No.  127  East  Twenty-third  Street, 
was  purchased,  the  first  meeting  being  held  there  on  May  4th,  1881, 
and  it  is  of  interest  to  note  in  passing  that  one  of  the  Founder  Socie- 
ties— The  American  Institute  of  Electrical  Engineers — came  into  being 
at  a  meeting  held  in  that  house  on  May  13th,  1884. 

This  house  was  occupied  until  1896,  when  two  lots,  Nos.  218  and' 
220  West  Fifty-seventh  Street,  with  a  total  frontage  of  50  ft.,  were 
acquired,  and  building  operations  started  in  December,  1896,  in  charge 
of  a  Building  Committee  consisting  of  George  A.  Just,  Charles 
Sooysmith,  Bernard  E.  Green,  George  H.  Browne,  William  E.  Hutton, 
Joseph  M.  Knap,  T.  C.  Clarke,  and  Chas.  Warren  Hunt. 

The  new  house  was  completed  and  formally  opened  on  November 
24th,  1897. 

Owing  to  the  growth  of  the  Society,  an  additional  25-ft.  lot,  im- 
mediately adjoining  the  Society  House,  was  purchased  in  1904,  and  a 
50%  addition  to  the  house  was  built.  This  addition  was  completed  in 
the  latter  part  of  1905,  and  was  first  used  at  the  Annual  Meeting  of 
January  17th,  1906.  The  Building  Committee  in  charge  of  this  work 
consisted  of  Alfred  Noble,  S.  L.  F.  Deyo,  Nelson  P.  Lewis,  and  Chas. 
Warren  Hunt. 

The  Society  property  then  consisted  of  a  plot  of  75  ft.  frontage  on 
Fifty-seventh  Street,  varying  in  depth  from  about  107  ft.  on  the  east,  to 
about  117  ft.  on  the  west.  The  House  was  a  4-story  and  basement,  fire- 
proof structure,  the  two  lower  floors  covering  the  entire  plot,  and  the 
two  upper  floors  only  the  front  portion.     The  first  floor  contained  a 
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spacious  foyer  and  three  offices,  one  of  which  was  used  for  the  office 
of  the  Secretary.  There  was  a  large  room  in  the  rear  called  a  Loung- 
ing Room,  its  use  being  principally  for  informal  and  social  meetings. 
The  main  stairway  gave  access  to  the  second  floor  on  which  there  were 
in  the  front  a  large  Eeading  Room,  and  in  the  rear  an  Auditorium 
with  a  seating  capacity  of  500.  The  third  floor  was  devoted  entirely 
to  the  office  force,  and  the  top  floor  to  a  double  tier  of  book  stacks 
with  sufficient  capacity  for  about  150  000  volumes,  and  with  space 
for  considerable  enlargement.  The  building  was  a  dignified  and 
commodious  one,  and,  having  been  specially  designed  for  the  use  of  the 
Society,  proved  itself  adequate  in  every  way,  and,  with  certain  addi- 
tions which  could  have  been  made  at  any  future  time  for  the  increase 
of  space  available  for  office  and  stack-room  purposes,  undoubtedly 
would  have  been  ample  for  the  use  of  the  Society  for  many  years  to 
come.  The  total  amount  expended  by  the  Society  for  the  lots  and 
building  was,  in  round  numbers,  $360  000. 

In  February,  1903,  Mr.  Andrew  Carnegie  offered  to  give  $1  000  000 
to  erect  a  suitable  union  building  for  the  American  Society  of  Civil 
Engineers,  the  American  Society  of  Mechanical  Engineers,  the  Ameri- 
can Institute  of  Mining  Engineers,  the  American  Institute  of  Electrical 
Engineers,  and  the  Engineers  Club.  This  offer  was  very  carefully 
considered  by  this  Society,  and  submitted  to  a  referendurn  vote  of 
the  entire  Corporate  Membership,  the  arguments  for  and  against  its 
acceptance  being  set  out  in  an  impartial  manner.  The  result  was  that 
the  membership  decided,  by  a  vote  of  1 139  to  662,  not  to  accept  the  offer. 

The  other  organizations  mentioned  accepted.  The  amount  donated 
by  Mr.  Carnegie  was  increased  to  $1 500  000,  the  result  being  the 
Engineering  Societies  Building,  Nos.  29-33  West  39th  Street,  and  the 
Engineers  Club,  32  West  40th  Street.  The  fund  was  divided  as  follows : 
to  the  three  Engineering  Societies,  $1  050  000,  to  the  Engineers  Club, 
$450  000. 

In  1914  the  entire  property  of  the  United  Engineering  Society  con- 
sisting of  a  structure  of  thirteen  stories,  built  with  the  funds  provided 
by  Mr.  Carnegie  on  property  pvirchased  by  the  three  Founder  Societies, 
had  been  cleared  of  debt. 

There  was,  however,  a  strong  feeling  among  those  prominently  iden- 
tified with  the  activities  of  the  three  Founder  Societies  that  this  build- 
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ing  could  not  be  considered  a  strictly  representative  Professional 
Headquarters  until  it  housed  also  the  oldest  of  the  National  Societies. 

After  several  preliminary  discussions  of  the  matter  by  individuals, 
on  June  9th,  1915,  an  informal  meeting  of  members  of  all  the  National 
Engineering  Societies  interested  in  the  question  of  co-operation  of  the 
various  branches  of  the  Profession  was  held,  and,  as  a  result  of  this 
meeting,  the  matter  was  taken  up  by  the  Board  of  Direction  of  this 
Society,  and  Clemens  Herschel,  Robert  Ridgway,  and  Chas.  Warren 
Hunt,  were  appointed  a  Committee  to  consider  the  question  of  a  pos- 
sible amalgamation  in  an  Engineering  Headquarters.  Charles  F. 
Loweth,  Hunter  McDonald,  George  F.  Swain,  and  John  A.  Ockerson 
were  subsequently  added  to  this  Committee,  and  the  Board  of  Direc- 
tion, imder  date  of  February  1st,  1916,  laid  the  whole  matter  before^ 
the  Corporate  Membership  of  the  Society  for  a  referendum  vote.  The 
letter-ballot  on  this  question  was  canvassed  on  June  15th,  1916,  the 
result  being  2  500  in  favor  of  the  acceptance  of  the  offer  of  the  three 
Founder  Societies  to  390  against  it. 

This  oifer,  briefly  stated,  was  as  follows : 

That  a  three-story  addition  be  made  to  the  Engineering  Societies 
Building  at  a  cost  estimated  at  $225  000,  and  not  to  exceed  $250  000. 
That  the  American  Society  of  Civil  Engineers  should  pay  for  this  addi- 
tion, if  the  cost  did  not  exceed  the  latter  figure,  but  that  if  that  cost 
exceeded  $250  000  the  additional  expense  should  be  borne  by  the  United 
Engineering  Society.  That  the  American  Society  of  Civil  Engineers 
would  then  become  an  equal  owner  in  the  whole  enlarged  property  on 
the  same  terms  as  each  of  the  three  original  Founder  Societies,  and 
would  occupy  as  much  space  as  it  might  need  on  two  of  the  additional 
floors. 

Immediately  afterward  the  Board  of  Direction  accepted  in  due  form 
the  invitation  of  the  Founder  Societies  in  behalf  of  the  Society,  and 
Clemens  Herschel,  J.  V.  Davies,  and  Chas.  Warren  Hunt,  were  ap- 
pointed a  Committee  with  power  to  carry  out  the  agreement. 

This  agreement  was  ratified  at  a  meeting  of  the  United  Engineering 
Society  on  August  10th,  1916.  Work  was  begun  on  the  necessary  pre- 
liminary structural  work  on  August  1st,  1916,  under  the  supervision 
of  a  Building  Committee  consisting  of  one  representative  from  each  of 
the  Founder  Societies  as  follows:  H.  H.  Barnes,  Jr.,  E.  Gybbon  Spils- 
bury,  Chas.  F.  Rand,  and  Chas.  Warren  Hunt. 
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Owing  to  the  general  conditions  of  labor  and  material,  the  cost  of 
the  addition  to  the  building,  which  it  was  thought  in  1915  was  amply 
provided  for,  with  all  contingencies  taken  care  of,  in  the  estimate  of 
$225  000,  was  found  to  be  at  least  $50  000  in  excess  of  the  limiting 
figure,  or  $300  000,  This  additional  cost  has  been  borne  equally  by  the 
lour  Founder  Societies. 

The  total  share  of  this  Society,  therefore,  has  been  $262  500,  which, 
together  with  certain  additional  expenses  in  fitting  up  the  new  quarters, 
cost  of  new  furniture,  and  moving,  will  bring  the  total  expense  of  our 
change  of  headquarters  to  approximately  $280  000. 

The  addition,  as  before  stated,  consists  of  three  stories.  The  four- 
teenth floor  will  be  used  as  a  stack-room  for  the  United  Engineering 
Library,  headroom  for  a  double  tier  of  stacks  having  been  provided.  A 
report  of  the  writer  to  the  Board  describes  our  new  quarters,  as  follows : 

"The  lay-out  of  the  floors  to  be  occupied  by  this  Society  was  made 
by  the  writer  with  a  view  to  utilizing  every  available  foot  of  space  and 
to  secure  good  light.  This  was  the  more  necessary  inasmuch  as  the 
floor  area  of  these  two  floors  is  much  less  than  that  of  the  lower  floors. 

"Briefly,  the  Society  will  occupy  the  entire  15th  floor,  and  about 
two-thirds  of  the  16th  or  top  floor.  In  all  there  are  eleven  main  rooms. 
On  the  15th  floor  there  are : 

"(1)  The  office  of  the  Secretary,  entrance  to  which  is  at  the  right 
of  the  elevators. 

"(2)  The  Reading  Room,  directly  opposite  the  elevator,  the  en- 
trance to  which  will  be  the  main  entrance  to  the  Society  Rooms.  This 
room  is  51  by  26  ft.  and  looks  out  over  Bryant  Park  to  the  north.  It 
is  panelled  in  oak,  and  when  used  by  our  members,  in  connection  with 
the  Library  will,  it  is  believed,  practically  take  the  place  of  the  old 
Reading  Room  in  Fifty-seventh  Street. 

"(3)  The  Board  Room.  This  room,  which  is  43  by  24  ft.,  is  on  the 
south  side  of  the  building,  directly  opposite  the  Reading  Room,  a  6-ft. 
hallway  separating  them.  This  room  is  panelled  in  mahogany,  and  the 
furniture  for  it,  which  has  been  specially  designed,  is  also  of  mahogany, 
and  consists  of  4  tables  and  30  chairs.  The  tables  are  designed  so  that 
they  can  be  placed  together,  making  a  table  24  by  6  ft.,  or  can  be  sepa- 
rated and  used  as  units  6  by  6  ft. ;  and,  when  necessary,  can  be  made 
into  tables  6  by  3  ft.  to  set  against  the  wall  and  take  up  very  little  room. 
In  the  partitions  between  these  rooms  and  the  hallway,  two  8-ft.  open- 
ings, opposite  each  other,  with  sliding  doors,  have  been  arranged,  so 
that  the  two  rooms  can  be  thrown  together,  practically  forming  one 
large  room  averaging  57  by  47  ft. 
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"(4)  General  Office.  A  large  room  covering  the  east  side  of  the 
building,  59  by  37  ft.  Here  will  be  located  the  general  office  force.  A 
service  stairway,  which  will  practically  be  a  private  stairs  for  this 
Society,  gives  access  to  the  16th  floor,  where,  on  the  east  side  of  the 
building,  there  are  four  small  offices,  one  of  which  (5)  is  to  be  used  as 
a  Rest  Room  for  women;  (6)  for  the  Bookkeeper;  (7)  Editorial  De- 
partment; (8)  Applications  Department.  Three  other  large  rooms  are 
available  for  Committee  Rooms,  or  whatever  use  may  develop  in  the 
future.  They  are  (9)  24  by  20  ft.,  (10)  22  by  24  ft.,  (11)  36  by  23  ft.— 
these  figures  being  approximate. 

"A  doorway  in  the  hall  separates  that  part  of  the  16th  floor  to  be 
used  by  the  Society  from  three  rooms  which  are  available  for  renting 
by  the  United  Engineering  Society,  and  to  which  access  is  obtained 
through  the  elevator  and  hallway  without  passing  through  the  quarters 
of  the  Society." 

Library. 

Immediately  after  the  foundation  of  the  Society,  on  January  5th, 
1853,  a  circular  was  ordered  to  be  forwarded  to  "All  men  in  charge  of 
public  works,  asking  for  printed  reports,  maps,  plans,  etc.,  in  order  to 
start  an  Engineering  Library  in  connection  with  the  Society."  There 
is  no  record  as  to  the  response  to  this  circular,  but,  naturally,  very 
little  in  the  way  of  a  Library  could  be  secured  until  some  place  was 
provided  in  which  the  books  could  be  cared  for,  and  it  was  not  until 
headquarters  were  first  established,  in  1867,  that  the  Library  really  had 
a  start.  After  that  its  growth  was  quite  rapid,  when  one  considers  that 
practically  no  books  were  purchased,  the  accessions  being  entirely  the 
result  of  donations.  Several  large  additions  were  received  in  the  suc- 
ceeding years,  notably,  in  1872,  one  from  William  Young  Arthur, 
M.  Am.  Soc.  C.  E.,  and  in  1873  one  from  William  J.  McAlpine,  Past- 
President,  Am.    Soc.   C.   E. 

The  Annual  Report  of  the  Board  of  Direction  for  1873  gave  the  total 
contents  of  the  Library  as  3  433. 

In  1873  a  special  committee  was  appointed,  under  the  following 
resolution :  B 

"Whereas,  the  foundation  of  a  library  and  museum,  which  contains 
within  itself  all  accessible  published  matter  relating  to  the  history, 
theory  and  practice  of  engineering,  the  construction  and  management 
of  public  improvements,  and  the  methods  and  cost  of  manufacturing 
operations,  with  illustrations  by  models  and  samples  of  the  results 
thereby  obtained,  must  be  invaluable,  not  only  to  the  profession,  but 
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to  all  who  are  interested  in  tlie  pursuit  or  the  application  of  practical 
knowledge, 

"Resolved,  that  a  Committee,  consisting  of  the  President  and  nine 
other  members  to  be  named  by  him,  with  power  to  fill  vacancies,  be 
appointed  to  devise  a  plan  whereby  such  a  library  and  museum  may  be 
founded;  the  funds  obtained  for  its  collection,  management,  increase 
and  maintenance;  a  suitable  place  secured,  where  it  and  other  posses- 
sions of  the  Society  may  be  preserved  and  its  advantages  enjoyed  by 

members  and  others  connected  therewith,  irrespective  of  their  location; 

*  *    *» 

This  Committee  did  not  make  a  report  until  1875,  and  it  seems 
worth  while  to  quote  its  principal  recommendations,  which,  it  is  sub- 
mitted, are  wonderfully  comprehensive,  and  cover  the  ground  as  thor- 
oughly as  if  they  had  been  written  to-day. 

"The  library  of  the  American  Society  of  Civil  Engineers  should 
contain  the  literature  of  rational  and  applied  science,  constructive  art 
and  technology;  all  that  has  been,  or  may  from  time  to  time  be  pub- 
lished, relating  to  the  history  and  prosecution  of  engineering ;  the  maps 
and  profiles  of  every  canal  and  railroad,  their  complete  reports,  and 
those  of  municipal  and  state  departments;  descriptions  of  private  and 
miscellaneous  works;  statistics  of  the  material  resources  and  develop- 
ment, the  wealth,  manufactures  and  commerce  of  countries;  standard 
works  of  reference  in  science  and  art,  and  lack  nothing  published  any- 
where, in  our  own  or  other  tongue,  that  in  a  library  may  aid  the  student 
or    accomplished    engineer    seeking    professional    knowledge.     *     *     * 

*  *  *  Much  professional  knowledge  recorded  in  the  several  technical 
journals  of  the  day,  is  almost  inaccessible  to  the  busy  members  of  a  pro- 
fession which  allows  but  little  time  or  opportunity  for  exhaustive  read- 
ing. Complete  treatises  on  theoretical  or  practical  subjects,  frequently 
published  and  full  of  matter  valuable  to  engineers,  are  neither  pur- 
chased or  read  by  them.  These,  as  issued,  should  form  a  part  of  the 
library,  and  its  advantages  be  placed  at  the  command  of  all  connected 
therewith,  wherever  they  may  happen  to  reside,  so  that  at  their  request, 
complete  examinations  on  specified  topics  can  be  made,  pertinent  ex- 
tracts copied,  and  proper  references  given. 

"The  plan  here  outlined  involves  the  preparation  of  concise  ab- 
stracts of  new  works,  reports,  scientific  and  technical  journals,  pro- 
ceedings of  societies,  and  other  publications,  as  received;  the  whole  to 
be  classified  and  indexed,  that  a  busy  man  may  quickly  learn,  without 
the  trouble  and  expense  of  looking  over  the  vast  amount  of  matter  now 
published,  to  determine  for  himself,  whether  there  has  recently  ap- 
peared in  print  anything  referring  to  a  particular  subject.  A  serial 
index  of  current  engineering  and  technical  literature  as  thus  described, 
can  be  comprised  within  a  few  pages  issued  weekly  or  monthly,  and 
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would  largely  facilitate  the  dissemination  of  professional  knowledge 
'among  men  of  practical  science'. 

"A  skillful  librarian,  who  knows  what  the  library  contains,  and 
where  it  is  to  be  found,  can  at  the  mere  cost  of  the  time  spent,  make 
exhaustive  researches  on  a  topic,  for  members,  quicker  and  with  greater 
thoroughness  than  they  themselves  can  do  it.  Any  one  who  has  con- 
sulted large  libraries  knows  that,  generally,  more  time  is  spent  in  learn- 
ing how  and  where  to  look,  than  in  the  work  at  hand." 

In  1885,  a  strong  effort  was  made  to  form  a  library  for  the  joint  use 
of  the  Civil,  Mechanical,  Mining,  and  Electrical  Societies,  and  a  com- 
mittee was  appointed  by  this  Society  to  confer  with  similar  committees 
from  the  other  Societies;  but,  nearly  three  years  later,  the  Chairman  re- 
ported that  no  satisfactory  progress  had  been  made  in  the  matter,  and 
no  further  action  was  taken. 

At  the  beginning  of  the  twenty-five  year  period  under  consideration 
the  Library  had,  all  told,  about  16  000  accessions,  and  five  years  later, 
when  it  was  moved  to  the  Fifty-seventh  Street  House,  it  contained  ap- 
proximately 22  000,  among  them  being  many  old  and  rare  volumes. 
Up  to  October  1st,  1916,  when  the  Library  was  turned  over  to  the 
United  Engineering  Society,  the  average  yearly  growth  was  3  000,  and 
the  total  number  of  accessions  had  increased  to  more  than  89  000. 
More  than  67  000  of  these  were  not  duplicated  in  the  combined  libraries 
of  the  Mining,  Mechanical,  and  Electrical  Societies,  and  these  were 
turned  over  to  the  United  Engineering  Society  in  October,  1916.  In 
addition,  the  book-stacks  which  had  been  erected  in  the  Fifty-seventh 
Street  House,  and  provided  for  additions  to  our  library  for  many  years, 
were  donated  to  the  United  Engineering  Society.  They  have  been 
taken  down,  and  are  now  being  erected  in  the  new  "Stack  Eoom"  on 
the  14th  floor  of  our  new  home. 

The  remaining  22  000  volumes  have  been  presented  to  the  Cleveland 
Association  of  Members.  The  collection  is  to  be  kept  intact,  and  is  now 
temporarily  in  the  custody  of  the  Cleveland  Public  Library. 

In  the  Fifty-seventh  Street  House  provision  had  been  made  for 
a  commodious,  up-to-date  Stack  Room,  and,  immediately  upon  moving 
in,  a  thorough  re-classification  and  indexing  of  the  Library  was  under- 
taken. The  Library  at  that  time  was  in  an  exceedingly  chaotic  state. 
No  systematic  index  for  it  had  ever  been  made,  and  it  was  a  problem 
how  it  should  be  made  efficient  and  available  for  the  use  of  Engineers. 
The  task  fell  upon  the  writer,  and  he  made  every  effort  to  find  out  just 
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what  had  been  done  up  to  that  date  in  the  classification  and  cataloguing 
of  an  Engineering  Library,  by  inquiry  from  available  sources.  A 
composite  picture  of  the  replies  received  would  have  read  somewhat 
like  this:  "We  use  such  and  such  a  system,  and  we  advise  you 
not  to."  Under  this  condition  he  was  thrown  entirely  on  his  own  re- 
sources, and  the  classification  which  has  been  in  use  for  20  years  (it  is 
still  used  so  far  as  our  books,  which  have  been  transferred  to  the  United 
Engineering  Library,  are  concerned),  was  worked  out. 

In  such  a  pioneer  effort  by  one  who,  up  to  that  time,  had  a  very 
limited  knowledge  of  Library  work,  it  is  not  surprising  that  there  were 
many  imperfections.  On  the  other  hand,  it  was  put  together  from  the 
standpoint  of  an  Engineer,  and  experience  has  shown  that  it  has  been 
a  most  efficient  tool.  This  classification  was  used,  not  only  to  arrange 
books  on  the  shelves,  but  also  to  arrange  cards  in  the  Catalogue.  Many 
of  the  classes  were  very  large,  and  were  not  sub-divided  closely,  and 
therefore  the  "Class  Catalogue"  was  supplemented  by  a  "Subject  Cata- 
logue" in  which  the  cards  were  arranged  alphabetically  by  subject. 
At  least  one  card  was  written  for  every  book  in  the  Class  Catalogue, 
and  as  many  additional  cards  were  placed  in  either  the  Class  or  Sub- 
ject Catalogue  as  were  necessary  to  cover  its  contents  fully.  All  books 
were  very  carefidly  analyzed,  cards  being  written  for  any  sections  or 
chapters  which  would  be  of  special  interest,  which  necessitated  in  some 
cases  as  many  as  40  or  50  cards  for  one  book.  In  addition  to  the  two 
Catalogues  described,  there  was  also  an  "Author  Catalogue"  in  which 
at  least  one  card  was  filed  for  every  book  in  the  Library. 

In  1900  the  Classified  Catalogue  was  printed  and  issued  in  a  volume 
to  all  members.  This  book  contained  700  pages,  and  covered  about 
32  000  titles.  Its  issue  stimulated  the  growth  of  the  Library  to  such  an 
extent  that  two  years  later  a  second  volume  of  293  pages  was  issued, 
bringing  it  up  to  date. 

During  the  years  in  which  this  classification  was  in  use  much  ex- 
perience was  gained,  and  toward  the  latter  part  of  that  period  an  im- 
proved and  extended  classification  was  worked  out  by  two  members  of 
the  Library  Staff,  Miss  Eleanor  H.  Frick,  and  Miss  Esther  Raymond, 
on  their  own  initiative,  and  largely  in  their  own  time.*  Though  this 
classification  is  based  on  the  general  ideas  of  the  writer,  full  credit  for 
the  work  belongs  to  the  Librarians  mentioned.     It  is  believed  that  the 

*  The  two  classifications  are  given  in  Appendices  A  and  B. 
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publication  of  these  two  classifications  will  be  of  considerable  use,  not 
only  to  Technical  Libraries,  but  to  members  of  the  Profession.  As  an 
instance  of  such  use,  it  may  be  stated  that  the  Committee  of  Engi- 
neering Council  charged  with  tabulating  the  members  of  the  Society 
available  for  special  work  in  connection  with  the  War,  used  this  classifi- 
cation in  making  up  the  various  headings  under  which  the  members 
of  this  Society  should  be  indexed. 

In  1896,  the  writer,  in  the  "History"  previously  referred  to,  speaking 
of  the  Library,  said: 

"While  it  is  not  possible  now  to  bring  its  use  within  the  reach  of 
members  residing  at  a  distance,  it  is  hoped  and  believed  that  after  the 
new  house  is  completed  arrangements  can  be  made  by  which  non- 
resident members  may  be  able  to  secure  data  on  any  special  points  at 
small  expense." 

As  soon  as  possible  after  the  cataloguing  had  been  completed,  he 
took  up  the  matter,  and  in  1902  was  authorized  by  the  Board  to  make 
searches  in  the  Library,  upon  request,  and  to  charge  therefor  the  actual 
cost  to  the  Society  of  the  work  required.  About  1  000  such  searches  and 
bibliographies  have  been  gotten  out,  and  there  is  abundant  evidence  of 
the  appreciation  of  our  non-resident  membership. 

A  number  of  years  after  this  system  was  started,  the  Library  of  the 
United  Engineering  Society  established  its  Service  Bureau,  which  has 
been  very  successful;  and,  as  our  Library  now  forms  part  of  the  con- 
solidation, our  members  will  have  the  benefit  of  that  service. 

Local  Associations. 

The  question  of  the  formation  of  Local  Associations  of  Members 
in  the  various  centers  of  population  was  considered  in  a  general  and 
informal  way  several  times  prior  to  1905.  It  was  discussed  at  the 
Cleveland  Convention  in  that  year,  following  a  report  from  the  Sec- 
retary stating  that  a  circular  note  had  been  forwarded  to  at  least  three 
Members  in  each  of  the  following  cities :  Albany,  Boston,  Cleveland, 
Chicago,  Detroit,  Kansas  City,  Mexico,  New  Orleans,  Philadelphia, 
Pittsburgh,  St.  Louis,  St.  Paul  and  Minneapolis,  San  Francisco,  and 
Washington,  setting  forth  the  advantages  of  such  Associations,  both 
locally  and  to  the  Society  as  a  whole,  recommending  their  formation, 
and  enclosing  a  draft  of  a  proposed  Constitution  suitable  for  adop- 
tion.     The    Secretary    reported    that    considerable   interest    had    been 
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aroused,  and  that  two  Local  Associations  had  been  formed,  one  at 
Kansas  City,  Mo.,  and  one  at  San  Francisco,  CaL;  that  meetings 
had  been  held  at  Washington,  Cleveland,  Pittsburgh,  Boston,  St. 
Louis,  and  Philadelphia,  and  that  a  report  from  the  three 
Chicago  Members  had  also  been  received.  The  reports  from  Wash- 
ington, Cleveland,  and  Pittsburgh,  were  non-committal.  In  Boston 
it  was  the  unanimous  opinion  of  those  consulted  that  it  would  be  very 
difficult  to  arouse  sufficient  enthusiasm;  in  St.  Louis  a  meeting  of  23 
Members  adopted  a  resolution  to  the  effect  that  it  was  not  desirable 
at  that  time  to  have  such  an  organization  in  that  city.  In  Philadelphia 
a  letter-ballot  was  taken  resulting  in  a  vote  of  42  to  14  against  the 
proposition,  and  the  Committee  in  Chicago  was  strongly  against  it. 

The  general  idea  of  the  organization  of  Local  Associations  of  the 
Society,  suggested  by  the  Board  of  Direction,  was  approved  by  the 
Convention. 

The  writer  remembers  well  what  a  hard  struggle  it  was  to  overcome 
the  many  objections  raised,  the  principal  one  being  the  fear  that  such 
Associations  would  injure  local  societies  and  clubs  already  established; 
but  time  has  accomplished  what  then  seemed  impossible,  and  we  now 
have  Local  Associations  in  each  of  the  cities  named  except  Albany, 
Boston,  Mexico,  Pittsburgh,  and  Kansas  City.  In  the  last  named  the 
first  association  was  formed,  but  it  was  not  successful.  In  addition 
there  are  13  others,  a  total  of  21.  It  is  undoubtedly  a  fact  that  these 
Associations  add  strength  to  the  Society  as  a  whole,  and  are  of  great 
•local  benefit.  Since  the  above  was  written,  the  writer  has  been  informed 
unofficially  of  the  formation  of  an  Association  in  Pittsburgh. 

An  important  meeting  of  the  presidents  of  all  the  Local  Associa- 
tions was  held  at  the  Society  House  on  January  19th,  1915,  at  which 
many  matters  of  vital  interest  to  the  Society  were  discussed. 

Membership. 

Twenty-five  years  ago  the  total  membership  of  the  Society  was 
1  609 ;  at  the  present  writing  it  is  8  544,  a  net  increase  for  that  period 
of  6  935,  the  average  yearly  net  increase  having  been  277.  It  should 
be  noted  that  this  increase  has  been  in  spite  of  the  fact  that  the  require- 
ments have  been  raised  during  the  period.  The  writer's  opinion  is  that 
it  is  also  due  to  this  fact. 
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Finances. 

As  nearly  as  can  be  determined,  the  cash  value  of  the  property  of 
the  Society,  at  the  beginning  of  the  twenty-five  year  period  under  con- 
sideration, was  $60  000.  In  a  statement  issued  by  the  Board  of  Direc- 
tion in  May,  1895,  when  the  building  of  the  Fifty-seventh  Street  House 
was  first  contemplated,  the  available  assets  of  the  Society  were  given 
as  follows: 

House,  127  East  23d  Street  (estimate).  .$00  000 
Mortgage 16  000      $44  000 

Securities  in  safe  deposit,  par  value 16  000 

Cash,  awaiting  permanent  investment 4  500 

Amount  available $64  500 

At  the  present  time  a  similar  statement  would  read  about  as  follows : 

Society  House,  220  West  57th  Street, 

cost   $360  000 

Less  Mortgage 150  000     $210  000 

New  39th  Street  Quarters,  cost  to  the 

Society  267  500 

Securities  in  safe  deposit 10  000 


$487  500 


The  assets  of  the  Society  on  the  basis  of  this  statement  have  in- 
creased during  the  past  quarter  century  about  $425  000.  This,  how- 
ever, is  very  conservative,  inasmuch  as  in  the  above  figures  the  cost 
of  the  Fifty-seventh  Street  property  is  used,  whereas  in  the  statement 
of  1895  the  value  of  the  Twenty-third  Street  house  was  estimated,  and 
largely  in  excess  of  the  price  paid  for  it;  in  addition  to  this,  the  value 
of  the  Society's  one-fourth  interest  in  the  Thirty-ninth  Street  property 
is  at  least  $250  000  more  than  the  cost  given.  It  would  be  more  nearly 
correct,  therefore,  to  say  that  the  increase  of  property  assets  during 
this  period  has  been  $700  000. 
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Meetings. 

During  the  past  twenty-five  years  about  500  regular  meetings  of 
the  Society  have  been  held.  Nearly  all  of  these  have  been  for  the  pur- 
pose of  presenting  and  discussing  professional  papers  and  topics,  and 
there  have  been  20  or  30  extra  or  special  meetings,  and  about  50  meet- 
ings which  are  spoken  of  in  the  Constitution  as  for  "social"  purposes. 
There  were  also  a  number  of  special  meetings  of  the  Juniors  of  the 
Society. 

Among  the  most  notable  events,  the  following  might  be  mentioned : 

The  formal  opening  of  the  Fifty-seventh  Street  House  on  November 
24th,  189Y,  was  held  in  the  afternoon.  The  President,  Benjamin  M. 
Harrod,  of  New  Orleans,  La.,  presided.  The  ceremonies  were  opened 
with  a  dedicatory  prayer  by  the  Rt.  Rev.  Henry  C.  Potter,  and 
addresses  were  made  by  Gen.  W.  P.  Craighill,  Past-President,  Am.  Soc. 
G.  E.,  J.  G.  Schurman,  LL.D.,  President  of  Cornell  University,  and  the 
Hon.  Joseph  H.  Choate. 

On  September  16th,  1904,  a  reception  was  given  to  the  members 
of  The  Institution  of  Civil  Engineers  of  Great  Britain,  who  were  visit- 
ing this  country  by  invitation  of  the  Society. 

On  November  30th,  1910,  at  the  home  of  the  Society,  the  John 
Fritz  Medal  was  awarded  to  the  late  Alfred  Noble,  Past-President, 
Am.  Soc.  C.  E. 

On  June  3d,  1912,  the  Society  tendered  a  reception  to  the  Twelfth 
International  Navigation  Congress,  and  on  September  5th  of  the  same 
year  to  the  members  of  the  Sixth  Congress  of  the  International  Asso- 
ciation for  Testing  Materials. 

From  1903  to  1910  all  the  meetings  of  the  John  Fritz  Medal  Board 
of  Award  were  held  in  the  Society  House,  and  on  many  occasions  meet- 
ings of  other  societies  and  associations  were  held  there  by  special  per- 
mission of  the  Board  of  Direction. 

Amendments  to  the  Constitution.* 

A  revised  Constitution  was  adopted  on  March  4th,  1891,  the  prin- 
cipal changes  being  the  provision  for  two  new  grades  of  membership. . 
The  class  of  Associate  Member  was  created,  so  that  it  would  be  prac- 
ticable to  raise  the  qualifications  for  the  highest  grade,  and  to  take 

*  All  the  amendments,  with  a  brief  statement  of  their  purport  and  the  vote,  biy 
which  they  were  adopted  or  rejected,  will  be  found  in  Appendix  C. 
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care  adequately  of  a  certain  class  of  engineers  not  eligible  for  the 
grade  of  Member,  as  well  as  to  provide  at  the  proper  time  a  method  for 
advancement  to  Corporate  Membership  of  those  in  the  old  Junior  grade 
who  were  deserving  of  such  advancement.  The  requirements  for  the 
grade  of  Junior  were  lowered  so  as  to  bring  them  within  the  reach  of 
all  young  men  who  at  the  beginning  of  their  careers  wished  to  be  con- 
nected with  this  Society.  Provision  was  also  made  for  an  increase  in 
the  number  of  Vice-Presidents  and  for  the  enlargement  of  the  Board 
of  Direction,  so  as  to  make  it  more  truly  representative.  The  respec- 
tive terms  of  office  were  lengthened,  and  it  was  stipulated  that  mem- 
bers of  the  Board  should  not  be  eligible  for  immediate  re-election,  thus 
securing  rotation  in  office. 

The  Report  of  a  Committee  on  Revision  of  the  Constitution,  under 
date  of  November  5th,  1890,  signed  by  W.  P.  Shinn,  Mendes  Cohen» 
F.  Collingwood,  and  S.  Whinery,  states  in  part: 

"It  was  upon  the  question  of  the  duties,  position  and  standing  of 
the  Secretary  that  the  greatest  diversity  of  views  was  found  to  exist. 
A  large  number  of  members  have  expressed  the  opinion  that  the  Sec- 
retary of  the  Society,  like-  the  secretary  of  an  ordinary  business  cor- 
poration, should  be  appointed  by  the  Board  of  Direction,  but  those  who 
so  think  forget  or  ignore  the  fact  that,  unlike  the  ordinary  business 
corporation,  the  offices  of  President  and  Vice-President  in  this  Society 
are  of  an  honorary  nature.  The  homes  of  these  officers  are  most  fre- 
quently in  parts  of  the  country  remote  from  the  Society's  place  of 
business,  and  it  may  often  occur  that  they  can  perform  but  few  of  the 
executive  duties.  In  fact  the  Society  does  not  contemplate  that  the 
men  whom  it  honers  with  such  positions  shall  drop  their  professional 
duties  to  attend  to  Society  work,  and  it  certainly  does  not  propose  to 
pay  them  for  doing  so.  The  executive  duties  must,  however,  be  per- 
formed by  some  one,  and  at  all  times.  The  Committee  has,  therefore, 
distinctly  named  the  Secretary,  under  the  President  and  Board  of 
Direction,  the  executive  officer  of  the  Society. 

"If  we  stop  for  a  moment  to  consider  the  important  duties  to  be 
performed  by  such  officer,  often  of  a  delicate  and  confidential  char- 
acter, it  will  be  seen  that  he  should  have  a  voice  in  the  deliberations  of 
the  Board;  for  he  is  the  source  of  all  information,  and  to  him  must  be 
referred  the  detailed  investigation  of  every  question. 

"It  is  necessary,  too,  that  the  office  should  be  filled  by  a  person 
capable  of  representing  the  Society  favorably,  and  deciding  properly  in 
the  matters  constantly  arising  in  the  intervals  between  the  meetings 
of  the  Board ;  and  this  can  only  be  well  done  by  a  professional  man,  of 
business    experience    and    standing.      Such    a    man    cannot    be    easily 
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secured  for  any  sum  which  the  Society  can  at  present  afford  to  pay; 
nor  would  such  a  man  be  willing  to  sever  himself  entirely  from  the 
field  of  professional  engagement." 

Up  to  1894  the  office  of  Secretary  had  been  filled  by  a  general  vote 
of  the  membership,  but  in  that  year  an  amendment  was  carried 
placing  the  election  of  the  Secretary  in  the  hands  of  the  Board  of 
Direction,  but  otherwise  not  changing  his  status.  The  vote  on  this 
amendment  was  191  to  6.  In  1895  an  amendment  was  carried  which 
divided  the  territory  occupied  by  the  Society  into  7  Geographical  Dis- 
tricts and  provided  for  representation  of  each  of  these  Districts  on 
the  Board  of  Direction.    The  vote  on  this  ballot  was  273  to  12. 

The  revised  Constitution  adopted  in  1891  provided  for  the  election 
of  all  members  by  a  letter-ballot  of  all  Corporate  Members,  7  negative 
votes  excluding.  It  also  provided  that  the  Board,  upon  receipt  of  eight 
requests  for  reconsideration  of  the  ballot  in  the  case  of  any  rejected 
candidate,  was  empowered  to  order  another  ballot  to  be  taken.  On  this 
"Reconsideration"  negative  ballots  to  the  number  of  10%  of  the  votes 
cast  were  necessary  for  exclusion. 

The  small  number  of  negative  ballots  necessary  for  exclusion  on 
the  first  ballot  caused  trouble  by  the  exclusion  of  well-qualified  appli- 
cants; the  reconsideration  ballot  also  proved  unsatisfactory,  for  the 
reason  that  the  number  of  ballots  necessary  for  exclusion  was  dependent 
on  an  unknovsm  quantity.  Under  it,  a  candidate  might  be  excluded 
with  only  15  negative  ballots,  and  another  might  be  admitted  with  40 
or  more  negative  ballots.    In  fact,  such  cases  as  these  actually  occurred. 

In  1903,  the  number  of  negative  ballots  required  for  exclusion  on 
the  first  ballot  was  increased  from  7  to  20.  Even  this  proved  unsatis- 
factory, and  in  1908  the  Constitution  was  amended  by  transferring  the 
election  of  members  of  all  grades  from  the  membership  at  large  to  the 
Board  of  Direction.    The  vote  on  this  amendment  was  892  to  317. 

In  1915  in  order  to  provide  for  a  more  general  representation  on  the 
Board  of  Direction,  the  territory  occupied  by  the  Society  was  divided 
into  13,  instead  of  7,  Districts,  each  to  be  represented  on  the  Board  of 
Direction,  the  vote  on  this  question  being  1  066  to  83. 

A  number  of  amendments  to  the  Constitution  have  been  proposed 
and  rejected.  Among  the  most  important  of  these  was  one,  submitted 
in  March,  1907,  increasing  certain  of  the  admission  requirements,  par- 
ticularly for  the  grade  of  Member.    This  was  lost  by  a  vote  of  429  to  847. 
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In  1914  an  amendment  was  offered  which  would  have  changed  the 
status  of  the  Secretary  of  the  Society  by  excluding  him  from  mem- 
bership on  the  Board  of  Direction.  This  amendment  was  lost  by  a  vote 
of  1  343  to  1  828. 

Engineering  Congresses. 

Three  International  Engineering  Congresses  in' which  the  Society 
was  active,  have  been  held  in  the  United  States.  The  first  was  held  in 
1893  in  connection  with  the  World's  Columbian  Exposition  at  Chicago. 
This  Society  took  charge  of  Division  "A",  Civil  Engineering,  the  work 
of  which  was  described  at  the  joint  meeting  of  all  divisions,  August  5th, 
1893,  as  follows: 

"Six  sessions  have  been  held,  and  the  work  accomplished  can  be  best 
shown  by  the  following  statement:  Sixty-three  papers  in  all  were  pre- 
sented. Of  these  fifty  had  been  printed  and  distributed  for  discussion, 
and  covered  about  1  200  pages  of  printed  matter,  with  numerous  plates 
and  cuts. 

"The  subjects  treated  may  be  classified  under  the  following  heads: 

"Common  Roads;  Railways,  Terminal  Systems,  Signaling,  Loco- 
motives, etc. ;  Cable  Railways ;  Bridges,  Substructure  and  Superstruc- 
ture; Canals;  Foundations;  Surveys  and  Surveying  Instruments; 
Metals — Their  Treatment  for  Substructural  Purposes;  Grain  Ele- 
vators; Paving  Brick;  Carbon — Its  Use  in  Electrical  Engineering; 
Electric  Light  Plant;  Hoisting  Machinery;  Inland  Transportation; 
Navigation  Works;  Improvement  of  Rivers;  Improvement  of  Harbors; 
The  Plant  of  Commercial  Ports;  The  Laying  Out  of  Cities;  Water 
Works;  Sewers  and  Sewerage;  Tunnels,  and  The  Testing  of  Building 
Material. 

"Twelve  countries  are  represented  in  the  authorship  of  these  papers, 
as  follows : 

Germany   furnished.  ..  .20  Canada    3 

Mexico 6           Italy    1 

Portugal    5           Australia    1 

England    3           United   States 18 

Holland 2  — 

France 2           Making  a  total  of 63 

South  America 2 

"The  work  of  translation  of  papers  presented  in  foreign  languages 
has  been  done  in  every  instance  by  volunteers  from  the  membership 
of  the  Society,  by  gentlemen  thoroughly  conversant  with  the  subject 
under  consideration. 
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"The  interest  manifested  in  the  papers  presented  is  evidenced  by 
the  fact  that  318  engineers  registered  during  the  session  of  this  Divi- 
sion, and  the  average  attendance  at  each  session  was  about  125. 

"The  discussions  have  taken  a  wide  range,  and,  on  account  of  the 
limited  time,  have  been  entirely  confined  to  those  presented  orally. 
Many  interesting  and  valuable  written  discussions  were  received, 
which  it  was  entirely  impossible  to  present  at  the  sessions,  but  which 
will  be  published  in  connection  with  the  papers. 

"The  number  of  valuable  additions  to  the  literature  on  the  sub- 
jects mentioned  is  so  great  that  it  is  impossible  in  this  summary  to  do 
them  all  justice,  and  it  is  thought  be^t  not  to  attempt  it. 

"It  may,  however,  be  asserted  that  the  results  of  the  sessions  of 
this  Division  of  the  Congress  will  be  far-reaching  and  productive  of 
great  benefit  to  the  profession  of  Civil  Engineering  all  over  the  world." 

The  second  International  Engineering  Congress  was  held  in  con- 
nection with  the  Louisiana  Purchase  Exposition  at  St.  Louis,  Mo.,  in 
October,  1904. 

In  1903  this  Society  was  invited  by  the  Directors  of  the  Louisiana 
Purchase  Exposition  to  undertake  the  arrangements  for  an  Interna- 
tional Engineering  Congress.  Our  Board  of  Direction  appointed  a 
Committee,  and  this  Committee  invited  the  co-operation  of  the  other 
National  Engineering  Societies,  but,  for  some  reason  which  was  never 
explained,  they  did  not  entertain  the  proposition  favorably.  Inasmuch 
as  the  inauguration  and  conduct  of  the  proposed  Congress  had  been 
placed  upon  this  Society  by  the  management  of  the  Exposition,  the 
Board  determined,  on  January  4th,  1904,  that  the  Society  should  under- 
take it  alone,  assuming  the  entire  cost. 

At  that  date  nothing,  even  of  a  preliminary  nature,  had  been  done, 
and  the  organization,  the  securing,  editing,  and  publishing  of  papers 
and  discussions,  as  well  as  arrangements  for  meetings,  devolved  entirely 
upon  the  writer  and  his  staff. 

The  first  paper  was  received  on  March  29th,  1904,  and  between 
that  date  and  October  1st,  1904,  83  papers  were  edited,  printed,  and 
circulated  in  advance,  many  discussions  being  received.  The  work  of 
translating  many  of  these  foreign  papers  was  undertaken  by  volunteers 
from  the  membership  of  the  Society. 

The  Congress  was  held  from  October  3d  to  8th,  1904.  Its  activities 
were  divided  into  eight  sections,  28  meetings  were  held,  the  average 
attendance  at  each  being  50.     In  the  discussion  of  the  38  selected  siib- 
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jects,  97  formal  papers,  written  by  prominent  specialists  by  invitation, 
were  presented.  In  addition,  78  communications  from  engineers  unable 
to  be  present  were  read,  and  there  were  272  oral  discussions  at  the 
Sectional  meetings. 

The  proceedings  were  published  subsequently  in  six  extra  volumes  of 
Transactions,  every  member  of  the  Society  receiving  copies  of  these 
volumes  free  of  charge.  The  total  edition  was  4  000,  and,  in  addition, 
separate  pamphlets  covering  each  of  the  subjects  were  printed,  a  total 
of  43  575  separate  pieces  being  handled. 

From  foreign  sources  46  out  of  a  total  of  96  papers,  and  91  out  of 
a  total  of  302  discussions,  were  furnished. 

The  attendance  at  the  Congress  was :  from  the  United  States  724 ; 
Canada,  Cuba  and  Mexico  17;  South  America  10;  Europe  (13 
countries)  111;  Asia  10;  Australia  4;  a  total  of  876. 

The  total  cost  was  $38  500,  of  which  about  $5  000  was  received  from 
subscription  and  sales  of  publications,  the  total  net  cost  met  by  the 
Society  being  about  $33  500. 

The  third  International  Engineering  Congress  in  which  the  Society 
participated  was  held  in  connection  with  the  Panama-Pacific  Exposi- 
tion, in  San  Francisco,  Cal.,  September  20th-25th,  1915. 

The  plan  of  management  of  this  Congress  and  the  method  of  financ- 
ing it,  both  of  which  were  suggested  by  the  writer,  were  as  follows : 

The  original  financial  plan  was  that  the  cost  should  be  underwritten 
as  follows : 

(1)  By  a  general  subscription  from  engineers  re- 

siding in  the  Pacific  Coast  region $10  000 

(2)  By  the  five  National  Societies,  in  the  follow- 

ing proportion : 

American  Society  of  Civil  Engineers $9  000 

American  Institute  of  Electrical  Engineers. .  9  000 
American  Society  of  Mechanical  Engineers.  .  5  000 
American  Institute  of  Mining  Engineers.  ...  5  000 
Society  of  Naval  Architects  and  Marine  En- 
gineers    2  000    $30  000 

The  estimated  cost  of  the  Congress  was $40  000 

A  General  Committee  of  Management  was  composed  of  the  Presi- 
dent and  Secretary  of  each  of  the  four  Founder  Societies  and  of  the 
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Society  of  Naval  Architects  and  Marine  Engineers,  with  four  addi- 
tional members  from  each  Society  resident  in  San  Francisco. 

The  ten  officers  of  the  Societies  mentioned  formed  a  Committee  on 
Participation,  through  which  invitations  to  take  part  were  transmitted 
to  other  Engineering  organizations  both  at  home  and  abroad.  This 
Committee  also  arranged  for  providing  the  funds  necessary  to  carry 
on  the  work. 

The  members  of  the  Committee  resident  in  San  Francisco  formed 
a  Committee  of  Management  to  carry  out  the  work  in  detail  on  the 
ground,  W.  F.  Durand  being  Chairman  and  W.  A.  Cattell,  Secretary- 
Treasurer. 

This  Committee  took  charge  of  the  receipt,  editing,  printing,  and 
distribution  of  the  papers  and  discussions,  which  were  finally  issued  in 
13  volumes. 

The  total  cost  of  the  Congress  was  approximately  $77  000.  Of  this 
amount : 

Pacific   Coast  Engineers  contributed $10  413.00 

American  Society  of  Civil  Engineers  contributed 7  740.00 

American  Institute  of  Mining  Engineers  contributed.  .  4  300.00 

American  Society  of  Mechanical  Engineers  contributed.  4  300.00 

American  Institute  of  Electrical  Engineers  contributed.  4  300.00 
Society    of    l^aval    Architects    and    Marine    Engineers 

contributed 1  720.00 


Total $32  773.00 

The  remainder  of  the  total  expense  was  received  from  membership 
fees,  sale  of  additional  volumes,  etc.,  etc. 

The  Annual  Convention  of  this  Society  was  held  in  San  Francisco 
during  the  week  before  the  Congress,  and  similar  meetings  of  the  other 
Founder  Societies  were  also  held,  thus  assuring  a  good  attendance. 
This  was  a  somewhat  memorable  occasion,  inasmuch  as  a  special  trans- 
continental train  for  the  accommodation  of  the  members  of  all  these 
organizations,  and  other  members  of  the  Congress,  was  arranged  for 
by  the  Joint  Committee  on  Entertainment  and  Transportation  of  which 
the  writer  was  Secretary. 

The  Congress  consisted  of  opening  and  closing  sessions,  and  51 
technical  meetings.     The  total  attendance  was  approximately  800,  and 
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there  were  about  50  official  delegates.  Owing  to  the  state  of  war  exist- 
ing in  Europe,  the  foreign  participation  was  much  more  limited  than 
had  been  expected  when  the  Congress  was  originally  undertaken. 

The  product  of  this  Congress  was  not  distributed  gratis  to  any  of 
the  members  of  the  Societies  participating,  as  was  the  case  in  1904. 

Publications. 

The  first  paper  printed  by  the  Society  was  an  Address  delivered  by 
President  James  P.  Kirkwood  directly  after  the  reorganization  of  the 
Society  in  1867. 

The  number  of  Transactions  for  November,  1873,  was  the  first  is- 
sued. The  first  .57  papers,  which  were  printed  separately,  make  up 
Volume  1  and  part  of  Volume  2.  Volume  3  begins  with  the  number 
of  Transactions  for  May,  1874,  and  Volume  4  with  that  of  April,  1875. 
Between  that  date  and  1886  the  number  of  pages  published  was  only 
sufficient  to  fill  6ne  volume  per  annum,  but,  beginning  with  1887,  and 
continuing  until  1892,  two  were  issued  yearly,  the  total  number  of 
volumes  up  to  that  date  being  28.  In  1893  two  extra  volumes  of  Trans- 
actions were  issued  containing  the  product  of  the  Civil  Engineering 
Section  of  the  International  Engineering  Congress. 

Up  to  the  end  of  1S96  the  Pfodeedings  and  Transactions  were  is- 
sued together  in  monthly  numbers,  and,  in  order  to  preserve  them  for 
future  reference,  they  had  to  be  separated  and  bound  in  individual 

volumes. 

f,, 

The  difficulty  with  this  method  Avas  that  a  paper  intended  to  be  sub- 
mitted to  the  Society  was  not  published  until  it  had  been  read  at  a 
meeting,  and  the  discussion  upon  it,  which  was  limited  to  the  few  who 
attended  the  meeting  or  who  had  received  advance  copies,  had  been 
edited,  printed,  and  collated.  Under  these  conditions  the  membership 
of  the  Society  at  large  never  saw  or  heard  of  any  paper  until  the  dis- 
cussion of  it  was  complete,  which  frequently  was  six  months,  and  in 
some  cases  as  long  as  eighteen  months,  after  the  paper  had  be^n  re- 
ceived. The  result  of  this  was  that  the  monthly  numbers  of  Transac- 
tions lacked  current  interest,  and  when  received  by  members  frequently 
remained  in  their  A\Tappers  until  sent  to  the  binder  when  the  entire 
yearly  volume  had  been  received. 
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The  writer  well  remembers  that  one  of  the  first  pieces  of  work  as- 
signed to  him  as  Assistant  Secretary,  in  March,  1892,  was  the  getting 
ready  for  publication  of  the  number  of  Transactions  for  September  of 
the  preceding  year. 

In  1892-95  the  issue,  in  addition  to  the  regular  Transactions,  of  a 
Bulletin  in  leaflet  form,  calling  attention  to  current  events  and  giving 
abstracts  of  the  papers  in  advance  of  the  date  at  which  they  were  to  be 
presented,  was  tried.  The  great  difficulty  with  this  was  the  preparation 
of  proper  abstracts.  The  experience  of  the  writer  leads  him  to  the 
belief  that  a  technical  abstract,  in  order  to  be  really  good,  must  be  pre- 
pared by  one  who  is  expert  in  the  particular  subject  treated,  and  that, 
even  in  this  case,  he  must  study  the  paper  carefully  and  write  the  ab- 
stract in  his  own  words.  Any  attempt  to  produce  an  abstract  of  a  paper 
by  quoting  here  and  there  a  paragraph  is  not  productive  of  satisfactory 
results. 

In  January,  1896,  the  publication  of  our  present  monthly  Proceed- 
ings was  begun,  the  technical  matter  contained  in  these  being  subse- 
quently collated  and  published  in  volumes  of  Transactions. 

This  method  was  new  in  Society  publications,  and  has  since  been 
adopted  by  others.  By  it  the  member  is  interested  in  the  receipt  of  his 
monthly  Number,  because  it  contains:  (1)  brief  accounts  of  Society 
business,  including  abstracts  of  minutes  of  Society  Meetings  both  in 
New  York  and  in  the  headquarters  of  Local  Associations,  list  of  addi- 
tions to  the  membership,  announcements  of  future  meetings,  and  other 
items  of  general  interest;  (2)  not  only  the  papers  to  be  presented,  but 
also  the  discussions  upon  them,  which  are  published  serially  until  each 
subject  is  exhausted. 

It  is  a  matter  of  pride  that,  during  the  22  years  that  this  publication 
has  been  issued,  it  has  never  failed  to  be  mailed  to  the  membership  on 
the  fourth  Wednesday  of  the  month,  although  at  times  the  issues  have 
contained  as  much  matter  as  an  ordinary  volume,  in  one  case  650  pages. 

In  March,  1899,  the  writer  was  authorized  by  the  Board  to  publish 
in  Proceedings  a  list  of  current  engineering  articles  of  int€rest.  This 
was  started  in  a  modest  way,  and  was  evidently  found  useful  by  the 
membership,  because  a  request  soon  came  that  it  be  printed  on  one  side 
of  the  page  only,  in  order  that  members  might  cut  out  items 
which  specially  interested  them,  and  use  them  in  their  own  in- 
dexes.     This    list,    which    has    been    published    continuously    in    each 
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monthly  number  of  the  Proceedings  from  that  date,  is  made  up  from  an 
examination  of  about  115  periodicals.  The  classification  is  very  simple, 
as  the  list  is  intended  to  be  of  current  interest  only,  and  to  enable  an 
engineer  to  glance  over  each  month  the  publications  relating  to  his  par- 
ticular line  of  work,  and  to  select  therefrom  such  articles  as  he  may  read 
either  in  some  convenient  library  or  by  obtaining  them  from  the 
publisher. 

In  order  to  show  briefly  the  quantity  of  material  written,  edited, 
and  published,  the  total  number  of  pages  issued  in  the  Society  publica- 
tions for  the  twenty-five  years  from  1867  to  1892,  was  17  747  (yearly 
average,  710),  and  for  the  twenty-five  years  from  that  time  to  date  has 
been  96  800  (yearly  average,  3  872),  making  the  total  pages  114  547. 
The  cost  of  the  printing,  binding,  and  postage  (nearly  all  the  postage 
being  chargeable  to  publications)  for  the  latter  period  has  been  about 
$724  000  (yearly  average,  $28  960). 

The  actual  handling,  preparation  for  mailing,  and  mailing,  of  all 
these  publications  has  been  done  by  the  Society  force  during  that  period. 

In  1911  the  writer  presented  a  Report  to  the  Board  of  Direction, 
and  subsequently  to  the  Business  Meeting  of  the  Annual  Convention 
of  that  year,  suggesting  that  there  would  be  many  advantages  if  a 
change  were  made  in  the  method  of  getting  out  our  publications.  The 
report  stated  that  he  had  investigated  this  possibility  for  some  time  and 
recommended  that  it  be  tried.  Briefly,  the  idea  was  to  continue  the 
publication  of  Proceedings  as  heretofore,  but  to  publish  only  one 
volume  of  Transactions  per  annum,  such  volume  to  contain  as  much 
matter  as  the  four  that  were  issued  at  that  time.  This  was  to  be 
accomplished  by  the  use  of  thin  "India",  or,  as  it  is  commonly  called, 
"Bible",  paper.  Up  to  1908  two  volumes  of  Transactions  had 
been  issued  yearly,  but,  beginning  with  1909,  four  volumes  were 
issued  per  annum.  (In  1910  five  volumes  were  issued.)  These  volumes 
contained  between  550  and  600  pages  each.  The  direct  benefits  were 
fully  stated  in  this  Report.* 

The  recommendation  was  approved  and  the  first  of  these  thin-paper 
volumes  was  issued  in  1912. 

It  may  be  set  down  as  axiomatic  in  Society  work  that  no  matter 
what  may  be  done,  it  will  not  please  the  entire  membership,  and  this 
case  was  no  exception.     So  many  criticisms  were  received,  with  in- 

•  Proceedings,  Am.  Soc.  C.  E.,  Vol.  XXXVII,  p.  319. 
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quiries  as  to  why  the  Society  had  adopted  the  use  of  "tissue"  paper  in 
its  publications,  etc.,  etc.,  that  in  April,  1914,  a  circular  was  issued 
asking  two  questions: 

(a)  "Shall  the  use  of  thin  paper  be  continued  in  the  monthly 
Proceedings? 

(b)  "Shall  the  use  of  thin  paper  be  continued  in  the  one  yearly 
volume  of  Transactions,  or  shall  the  same  number  of  pages  be  issued  in 
Transactions  on  thick  paper,  in  four  volumes  per  annum"  ? 

The  result  of  this  was  that,  in  a  very  large  vote  of  about  3  000,  90% 
of  those  voting  was  in  favor  of  the  use  of  thin  paper  in  the  monthly 
Proceedings,  and  95%  was  in  favor  of  its  use  in  Transactions. 

As  was  foreseen,  the  points  that  appealed  to  the  membership  were 
the  great  saving  to  individuals  in  shelf  room,  in  the  cost  of  binding, 
and  in  economy  in  time  by  the  use  of  one  index  instead  of  four. 

Annual  Conventions. 

An  Annual  Convention  has  been  held  each  year  during  the  last 
twenty-five  years,  except  in  1917,  when  the  Convention  which  was  to 
have  been'  held  in  Minneapolis  and  St.  Paul  was  abandoned  on  account 
of  the  war.  Twenty-one  separate  localities  have  been  visited.  Two  Con- 
ventions were  held  in  Chicago,  two  in  Niagara  Falls,  and  two  in  San 
Francisco.  All  of  them  have  been  exceedingly  enjoyable,  have  brought 
the  members  from  various  sections  into  closer  contact,  and  have 
been  of  material  benefit  to  individuals  and  to  the  Society. 

It  is  perhaps  worthy  of  notice  that  during  this  period  three  of  these 
meetings  have  been  held  on  the  Pacific  Coast,  which  up  to  1896  was 
farther  away  from  headquarters  than  the  Society  had  ever  held  an 
official  meeting,  and  that  four  were  held  on  foreign  soil,  two  in  Canada, 
one  in  England,  and  one  in  Mexico. 

It  would  extend  this  review  too  far  even  to  touch  upon  the  interest- 
ing events  of  these  meetings,  but  perhaps  it  is  permissible  to  call  atten- 
tion to  the  fact  that  the  trip  to  London  was  made  on  the  invitation 
of  the  Institution  of  Civil  Engineers,  that  our  meetings  were  held 
in  the  home  of  that  Institution  in  London,  and  that  the  whole  party 
had  the  honor  and  pleasure  of  being  received  by  Queen  Victoria  at 
Windsor  Castle.  It  might,  perhaps,  also  be  stated  that  the  Mexican 
Convention  was  held  by  invitation  of  President  Diaz.     Members  who 
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are    interested    will    find    quite    full    details    of    these    trips    in    the 
Proceedings. 

A  special  party  was  made  up  in  March,  1911,  to  visit  the  Panama 
Canal,  This  was  a  more  or  less  unofficial  party.  Two  of  the  United 
Fruit  Company's  steamers  were  chartered  for  the  occasion,  one  sailing 
from  New  York  and  the  other  from  New  Orleans,  meeting  at  the 
Isthmus,  and  the  party  generally  keeping  together  on  the  return.  All 
the  arrangements  were  made  by  the  writer,  who,  unfortunately,  was 
unable  to  go,  due  to  the  pressure  of  other  duties,  but  he  knows  from 
what  he  heard  from  those  who  were  fortunate  enough  to  make  it,  that 
the  trip  was  a  specially  enjoyable  one. 

Special  Committees. 

Reference  should  also  be  made  to  the  splendid  work  of  Special 
Committees  appointed  to  investigate  and  report  upon  Engineering 
problems,  twelve  of  which  have  made  Final  Reports  during  the  period 
under  consideration.  The  results  of  their  work  have  been  of  inestimable 
value,  but  all  that  is  possible,  within  the  limits  of  this  review,  is  to 
enumerate  the  subjects  upon  which  such  reports  have  been  received. 

Final  Reports  have  been  published  on  the  following  subjects: 

Impurities  in  Public  Water  Supply;  Standard  Rail  Sections — two 
Committees  reported  on  this,  one  in  1893  and  one  in  1910 — Uniforai 
Methods  for  Testing  Materials  Used  in  Metallic  Structures,  and  Require- 
ments for  These  Materials  to  Further  Improve  the  Grade  of  Such 
Structures;  Standard  Time;  Regulating  Practice  of  Engineering; 
Status  of  the  Metric  System  in  the  United  States;  Uniform  Tests  of 
Cement;  Conditions  of  Employment  of,  and  Compensation  of.  Civil 
Engineers;  Concrete  and  Reinforced  Concrete;  Principles  and  Methods 
for  the  Valuation  of  Railroad  Property  and  Other  Public  Utilities; 
and  Floods  and  Flood  Prevention. 

At  the  present  time  six  Special  Committees,  all  of  which  have 
presented  one  or  more  reports  of  progress,  are  investigating  the  follow- 
ing subjects: 

Engineering  Education;  Steel  Columns  and  Struts;  Materials  for 
Road  Construction;  Bearing  Yalue  of  Soils  for  Foundations;  Regula- 
tion of  Water  Rights;  and  Stresses  in  Railroad  Track. 
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Medals  and  Prizes. 
On  October  1st,  1912,  the  Society  established  two  additional  prizes, 
as  follows:  The  J.  James  R.  Croes  Medal,  named  in  honor  of  the  first 
recipient  of  the  Norman  Medal;  and  the  James  Laurie  Prize,  named 
in  honor  of  the  first  President  of  the  Society.  The  first  consists  of  a 
medal  of  the  value  of  $40,  and  may  be  awarded  annually  to  such  paper 
as  may  be  judged  worthy,  and  be  next  in  order  of  merit  to  the  paper 
to  which  the  Norman  Medal  is  awarded;  the  second  consists  of  $40  in 
cash,  with  an  engraved  certificate  signed  by  the  President  and  by  the 
Secretary  of  the  Society.  This  prize  also  may  be  awarded  annually, 
under  the  rules  governing  the  award  of  the  Thomas  Fitch  Rowland 
Prize,  to  such  paper  as  may  be  judged  worthy  and  be  next  in  order 
of  merit  to  the  paper  to  which  the  Thomas  Fitch  Rowland  Prize  is 
awarded. 


In  a  recent  issue  of  Engineering  News-Record  the  following  edi- 
torial appears: 

"AND  THEY  ARE  FIGHTING  IN  FRANCE" 

"The  'Subsidence  of  Muck  and  Peat  Soils  in  Southern  Louisiana 
and  Florida'  was  the  title  of  a  paper  presented  two  weeks  ago  at  the 
meeting  of  the  American  Society  of  Civil  Engineers.  With  the  excep- 
tion of  three  war  addresses,  equally  peaceful  topics  have  occupied  the 
meetings  since  last  April,  The  fall  program,  so  far  as  announced, 
contains  no  papers  bearing  on  the  tremendous  industrial  and  engi- 
neering problems  which  the  winning  of  the  war  demands  that  we  solve. 
This  is  an  engineering  war,  yet  the  society  seems  not  to  recognize  its 
opportunity." 

It  is  unfortunate  that  such  an  improper,  vmfounded  and  sarcastic 
editorial  insinuation  should  be  made  about  an  organization  whose 
aims  and  objects  are  clearly  unselfish,  in  a  commercial  publication  on 
which  the  Profession  in  a  large  measure  depends  for  its  technical  news. 

The  time  for  this  attack  upon  the  loyalty  of  this  Society — just  after 
it  has  become  one  of  the  Founder  Societies — leaves  an  impression  of 
malicious  intent. 

Of  late  all  of  us  have  heard  much  of  the  use  of  previously  unheard 
of  methods  of  warfare,  and  the  writer  feels  sure  that  every  right-minded 
member  of  our  Allies  of  the  Mining,  Mechanical  and  Electrical  Societies 
will  unite  with  the  members  of  this  Society  in  condemnation  of  this 
misuse  of  editorial  prerogative. 
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It  is  hoped  that  the  following  brief  statement — written  before  the 
appearance  of  this  insult  to  the  Board  of  Direction  and  to  the  Mem- 
bership of  this  Society — will  be  a  sufficient  answer. 


War  Activities. 


As  soon  as  war  was  declared,  the  Society  placed  its  facilities  at 
the  disposal  of  the  Government,  and,  both  as  an  individual  organization 
and  jointly  with  the  other  Founder  Societies,  has  done  all  it  has  been 
asked  or  permitted  to  do. 

The  value  of  the  Engineer  has  been  recognized  to  a  greater  extent 
than  ever  before,  and  in  the  wonderful  progress  made  in  raising, 
training,  transporting,  and  maintaining  the  new  Army  of  the  United 
States,  as  well  as  in  the  investigation  and  solution  of  new  problems, 
he  has  been  a  most  important  factor. 

A  Joint  Committee  representing  the  National  Societies,  of  which 
William  Barclay  Parsons,  M.  Am.  Soc.  C.  E.,  was  Chairman,  was 
active  in  securing  the  legislation  which  provided  for  the  Engineer 
Reserve  Corps,  and  Committees  made  up  of  members  of  these  Societies 
have  been  instrumental  in  recruiting  Engineer  Regiments  in  many 
parts  of  the  country. 

In  1915,  in  the  absence  of  President  Marx,  the  writer  was  requested 
by  a  Sub-committee  of  the  Naval  Consulting  Board  to  co-operate  with 
it  and  representatives  of  other  National  Societies,  to  formulate  plans 
for  industrial  preparedness.  He  reported  to  the  Board  of  Direction, 
on  January  17th,  1916,  that  a  plan  had  been  developed  by  the  Sub-com- 
mittee, acting  in  conjunction  with  the  five  National  Societies  repre- 
senting the  Civil,  Mining,  Mechanical,  Electrical,  and  Chemical  Engi- 
neers, for  securing  complete  statistics  of  the  industrial  strength  of 
the  country.  Under  this  plan,  in  each  State  of  the  Union,  one  repre- 
sentative, recommended  by  each  of  these  Societies,  was  appointed  as 
an  Associate  Member  of  the  Naval  Consulting  Board,  and  the  five 
Engineers  thus  appointed  in  each  State  constituted  a  Board  to  secure 
the  necessary  information  for  the  Government  through  the  aid  of  the 
more  than  30  000  members  of  these  organizations.  As  is  well  knovpn, 
this  great  work  was  carried  to  a  successful  conclusion. 

In  these  and  in  many  other  ways  the  Society,  and  its  Board  of 
Direction,  has  been  active  in  the  present  emergency. 
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Every  member  of  the  Society  must  read  with  pride  our  "Roll  of 
Honor",  the  first  issue  of  which,*  incomplete  as  it  undoubtedly  is,  con- 
tains the  names  of  575  Engineer  officers  who  are  now  serving  in  the 
Army  and  Navy.  Since  that  list  went  to  press,  148  have  been  added 
to  it,  and  it  is  still  incomplete.  This  means  that  more  than  8i%  of 
the  entire  membership  wears  a  uniform.  The  list,  however,  does  not 
contain  the  names  of  hundreds  of  other  members  who  are  serving  their 
covmtry  unobtrusively  but  still  no  less  unselfishly  and  effectively,  on 
Advisory  Boards  or  simply  as  citizens.  The  writer  knows  of  many 
cases  where  at  great  personal  sacrifice  such  work  has  been  and  is  now 
being  done. 

Only  a  few  days  ago  a  suggestion  was  made  somewhat  timidly  over 
the  telephone  by  J.  W.  DuB.  Gould  (one  of  our  Members  who  is  devot- 
ing his  time  to  the  service  of  the  Government  but  who  is  one  of  those 
mentioned  as  not  listed  on  our  "Roll  of  Honor")  that  perhaps  the 
Society  might  consider  some  arrangement  by  which  the  United  States 
Food  Administration  could  secure  the  use  of  the  House  we  so 
recently  vacated  in  order  to  carry  on  its  work  in  New  York  City 
and  State.  The  writer  at  once  said  that  he  believed  that  the  Society 
would  be  glad  to  offer  this  House  for  the  use  of  the  Nation,  for  the 
purpose  specified,  free  of  charge. 

It  was  not  possible  to  get  the  Board  together;  indeed,  in  these  busy 
times,  a  meeting  of  the  Executive  Committee  is  difficult  to  secure.  By 
telephone,  however,  each  available  member  of  that  Committee  has  given 
his  unqualified  and  enthusiastic  support  to  the  proposition;  the  ari-ange- 
ment  'has  been  made,  and  the  U.  S.  Food  Administration  Board  will 
begin  work  at  our  did  home  on  Friday  of  this  week. 

It  is  perhaps  unnecessary  to  state  that  the  head  of  this  most  impor- 
tant Board  is  a  Member  of  this  Society — Herbert  C.  Hoover. 

Society  Staff. 
Any  statement  of  the  activities  of  the  Society  would  be  incomplete 
without  special  mention  of  the  staff  of  the  Secretary.  It  is  not  a  large 
one.  Before  the  transfer  of  the  Library  the  total  number  (exclusive 
of  Janitors  and  Office  Boys)  was  22 ;  since  that  time  it  has  been  some- 
what reduced.  T.  J.  McMinn,  M.  Am.  Soc.  C.  E.,  Assistant  Secretary, 
and  Miss  Eleanor  H.  Frick,  Chief  Office  Assistant,  have  served  the 
Society  for  twenty  years,  and  fourteen  others  for  periods  varying  from 

*  Proceedings,  Am.  Soc.  C.  E.,  Vol.  XLTII.  p.  698  (November.  1917). 
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18  to  3  years,  the  average  length  of  service  of  the  entire  force  being 
more  than  11  years.  The  Society  owes  much  to  the  work  of  its  em- 
ployees, and  the  writer  wishes  to  acknowledge  publicly  the  faithful, 
industrious,  efficient,  and  loyal  service  which  has  been  rendered  to  the 
Society  at  all  times,  as  well  as  to  express  his  personal  obligation  to  each 
of  them. 

Functions  of  a  National  Technical  Society. 

The  writer  believes  that  the  primary  functions  of  a  National 
Technical  Society  might  be  stated  about  as  follows : 

1 — To  advance  engineering  knowledge  and  practice. 

2 — To  maintain  the  dignity  and  standing  of  the  organization,  and 
to  preserve  the  high  character  and  professional  qualifications  of  its 
membership. 

3— To  keep  in  touch  with,  and  to  take  proper  action  on,  all  matters 
in  which  the  relation  of  the  Profession  to  the  public  is  involved,  and 
to  render  service  to  the  Nation  when  occasion  demands. 

'4 — To  do  whatever  is  possible  for  its  Members  individually,  and, 
in  general,  to  return  to  them  an  equivalent  for  the  dues  paid. 

The  latter  function  necessarily  takes  the  form  of  providing  oppor- 
tunity for  professional  discussion,  both  formal  and  informal,  which, 
when,  as  is  the  case  in  this  Society,  more  than  80%  of  the  membership 
is  non-resident,  must  be  through  publications. 

The  use  of  the  Library  should  be  brought  as  far  as  possible  within 
the  reach  of  all,  and  all  matters  brought  to  the  attention  of  the  man- 
agement by  correspondence  should  be  handled  promptly  and  efficiently, 
including  the  keeping  of  special  records  of  members  seeking  profes- 
sional engagements  in  order  that  they  may  be  placed  at  the  disposal 
of  inquirers  for  technical  men  in  any  specialty.* 

Perhaps  the  most  difficult  problem  is  to  succeed  in  making  each 
member  feel  that  he  is  getting  as  much  benefit  as  every  other  member. 
The  men  who  framed  the  Constitution  of  the  Society  were  wise  enough 
to  make  a  decided  difference  in  the  amount  of  dues  to  be  paid  by  Resi- 
dent and  Non-Eesident  Members,  but,  although  the  Resident  Member 
pays  66%  more  than  the  Non-Resident,  the  latter  is  still  inclined  to 
feel  that  those  who  live  near  Headquarters  derive  disproportionate  bene- 
fits, in  that  they  may  attend  all  meetings,  use  the  Reading  Room,  con- 

*  Though  the  Society  has  not  advertised  as  an  employment  bureau,  this  plan  has 
been  in  use  for  many  years,  and  hundreds  of  members  have  been  put  in  touch  with 
professional  opportunities. 
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suit  the  Library,  and  otherwise  avail  themselves  of  all  local  privileges. 
It  is  not  possible,  of  course,  to  arrange  matters  so  that  the  Non- 
Resident  can  secure  all  these  privileges,  but,  during  the  past  twenty- 
five  years,  every  effort  has  been  made  to  do  away  with  this  feeling. 
How  successful  these  efforts  have  been  must  be  left  to  the  individual 
judgment  of  each  member,  and  it  is  hoped  that  what  has  been  herein 
set  down  will  aid  in  the  formation  of  that  judgment. 

Co-operation. 

Why  did  this  Society  move  its  Headquarters?  It  occupied,  as  has 
been  shown,  a  dignified,  satisfactory,  commodious  House,  in  an  excel- 
lent location,  which  was  fully  paid  for ;  its  standing  as  an  organization 
left  nothing  to  be  desired ;  its  membership  was  increasing  rapidly  in  all 
parts  of  the  country.  Why,  then,  give  up  that  which  had  been  achieved 
by  many  years  of  unremitting  effort? 

It  seems  to  the  writer  that  the  answer  is  that  it  was  the  right  thing 
to  do.  What  if,  as  an  organization,  some  sacrifices  were  made?  What 
if  certain  details  of  the  movement  did  not  appeal  to  certain  individuals? 
Was  it,  or  was  it  not,  the  thing  to  do,  from  the  standpoint  of  the  Engi- 
neering Profession?  The  best  answer  to  these  enquiries  appears  to  be 
the  vote  of  the  membership,  which  was  2  500  in  favor  of,  and  only  390 
against  the  change. 

Since  the  inception  of  this  co-operative  movement  the  writer  has 
been  intimately  associated  with  it,  and  in  close  contact  with  the  men 
chosen  by  the  Founder  Societies  to  represent  the  other  branches  of  our 
great  Profession,  and  can  testify  that  the  most  broad-minded,  earnest, 
and  sincere  spirit  of  co-operation  has  been  manifest. 

In  a  report  to  the  Board  of  Direction  dated  September  20th,  1915, 
the  writer  said: 

"The  value  of  unity  of  action  in  all  matters  which  affect  the  Pro- 
fession generally  must  be  conceded. 

"For  many  years  the  undersigned  has  been  endeavoring  to  bring 
about  such  a  condition;  he  has  served  on  the  John  Fritz  Medal  Board 
of  Award  since  its  organization,  and  as  its  Executive  Officer  for  8  or 
9  years;  and  is  now  its  Chairman;  has,  with  Mr.  Ridgway,  represented 
our  Society  on  a  joint  committee  for  the  consideration  of  a  number  of 
subjects  *  *  *.  He  has  actively  represented  the  Society  on  the 
Committee  of  Management  of  the  International  Engineering  Congress, 
and  has  been  honored  by  the  United  Engineering  Society  by  election 
to,  and  is  now  serving  on,  the  Engineering  Foundation  Board. 
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"This  experience  has  convinced  him  that  there  should  be  a  per- 
manent Board  or  Committee,  composed  of  an  equal  number  of  represen- 
tatives of  the  four  i^ational  Societies,  to  which  the  duty  of  representing 
the  30  000  professional  men  now  enrolled  in  their  membership  should 
be  given.  There  are  many  ways  in  which  such  a  representative  body 
could  help  the  status  of  the  engineer,  in  his  relations  with  clients,  em- 
ployers, and  the  public  generally,  which  cannot,  for  obvious  reasons,  be 
taken  up  by  any  one  of  the  Professional  Societies  individually,  and  it 
has  been  his  thought  that  an  organization  now  exists  (the  United  Engi- 
neering Society)  which,  if  the  representatives  of  the  Civil  Engineer  are 
added,  and  its  powers  somewhat  expanded,  would  be  ideal  for  the  pur- 
pose. He  now  believes  that  this  matter  should  be  the  subject  of  dis- 
cussion between  the  Committees  of  this  Society  and  of  the  United  Engi- 
neering Society  and  that  the  result  of  their  deliberation  should  be  made 
part  of  the  question  to  be  submitted  to  all  the  organizations  concerned." 

Two  years  have  elapsed  since  this  was  written,  and  without  doubt 
the  establishment  of  the  "Engineering  Council"  was  intended  to 
provide  for  this  long  felt  want.  Although,  up  to  the  present  time, 
the  writer  has  seen  no  reason  for  changing  the  opinion  expressed — 
that  the  United  Engineering  Society  is  the  organization  best  fitted  to 
act  on  these  most  vital  matters — it  is  hoped  and  expected  that  the  new 
body  will  prove  its  value. 


The  years  covered  by  this  review  have  been  indeed  busy  ones,  not 
without  times  of  serious  difficulty  and  trial,  but  the  bright  spots  after 
all  have  predominated.  Association  with  the  leaders  of  thought  along 
Engineering  and  Scientific  lines  is  always  broadening  and  helpful,  and 
the  writer  looks  back  with  pleasure  only  on  the  twenty-six  years  de- 
voted to  the  service  of  the  American  Society  of  Civil  Engineers,  during 
twenty-three  of  which  he  has  had  the  honor  to  be  its  Executive  Officer 
and  a  member  of  its  Board  of  Direction. 
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Nd 

Plank- 

Ne 

Monolithic 

Nf 

Brick 

Nh 

Stone  Block 

Ni 

Wooden  Block 

O-MUNICIPAL  REPORTS 

P— LANDSCAPE  ARCHITECTURE 


GEOGRAPHY 

Qa 

General 

Qb 

Pliysical 

Qc 

Statistics 

Qd 

Resources 

Qe 

Surveys 

Qf 

Maps  and  Atlases 

R— SURVEYING  AND  DRAWING 

S— SOCIETY  PUBLICATIONS 
Sa     North  America: 

Sal        Canada 
Sa2        Mexico 
SaS        United  States 
Sb— South  America: 

Sbl        Argentine  Republic 
Sb4        Chile 
Sbll      Venezuela 

Sc — Central  America 
.    Sd — Europe: 

Sdl        Austria 


Tb 

—South  America: 

Tbl 

Argentine  Republic 

Tb3 

Brazil 

Tb5 

Colombia 

The 

Ecuador 

Tb9 

Peru 

Tbll 

Venezuela 

Td 

—Europe: 

Tdl 

Austria 

Td2 

Belg:ium 

Td3 

Denmark 

Td4 

France 

Tdo 

Germany 

Tdii 

Great  Britain 

Td7 

Hungary 

TdS 

Italy 

Td9 

Netherlands 

TdlO 

Norway 

Tdl3 

Russia 

Tdl  4 

Spain 

Tdl5 

Sweden 

Te 

—Asia 

Tg 

—Australia 

U— DICTIONARIES      AND      ENCYCLOPE  = 
DIAS 


V-ENGINEERING    HANDBOOKS 
Y-GENERAL  SCIENCE 


Sd2 

Belgium 

Sd3 

Denmark 

Sd4 

France 

Sd5 

Germany 

Sd6 

Great  Britain 

Sd8 

Italy 

Sd9 

Netherlands 

SdlO 

Norway 

Sdll 

Portugal 

Sdl3 

Russia 

Sdl4 

Spain 

Sdl5 

Sweden 

Sdl6 

Switzerland 

Se 

—Asia 

Sf 

-Africa 

1 

Sg 

—Australia 

T-PERIODICALS 

Ta 

—North 

1  America: 

Ta2 

Mexico 

Ta3 

United  States 

Ta4 

West  Indies 

Ya 

General 

Yb 

Agriculture  and  Forestry 

Yc 

Astronomy 

Yc5 

Biology 

Yc9 

Botany 

Yd 

Chemistry 

Ye 

Education 

Yf 

Exhibitions 

Yh 

Geology 

Yh9 

Mathematics 

Yi 

Metallurgy 

Yj 

Meteorology 

Yk 

Patents 

Yl 

Physics 

Ym 

Weights  and  Measures 

Yn 

Zoology 

sCELI 

LANEOUS 

Za 

General 

Za5 

Archaeology 

Zb 

Biography 

Ze 

Charities  and  Corrections 

Zd 

Commerce 

Ze 

Fine  Arts 

Zf 

Fisheries 

Zg 

History 

Zh 

Law- 

Zi 

Manufactures 

Zj 

Political  Economy 

Zk 

Religion 
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AF^PENDIX    B 


PROPOSED    CLASSiriCx\TION 


ENGINEERING   LIBRARY 

Compiled  by  Eleanor  H.  Frick  and  Esther  Raymond 

OF  THE  Library  Staff  of  the 

American  Society  of  Civil  Engineers 

Under  Direction  of  the  Secretary 

1916 

Accompanying  "The  Activities  of  the  American  Society  of  Civil 
Engineers  During  the  Past  Twenty-five  Years",  by  Chas.  Warren  Hunt, 
M.  Am.  Soc.  C.  E. 


Explanatory 


Civil  Engineering  is  the  only  class  which  has  been  expanded  in 
detail.  Certain  subjects  have,  of  necessity,  been  classed  arbitrarily, 
the  principal  thought  being  utility.  For  instance,  ''Water  Wheels" 
are  placed  under  "Water  Power"  rather  than  under  "Hydraulic 
Machinery" — "Locomotives"  under  "Railroads"  rather  than  under 
"Steam  Engines". 

ACKNO  WLEDG  M  ENT 

To  acknowledge  every  source  used  in  compiling  this  classification 
is  not  possible,  because  hundreds  of  books  and  indexes  have  been  exam- 
ined; mention  should,  however,  be  made  of  unpublished  material  of  the 
Joint  Committee  on  Classification  of  Technical  Literature ;  publications 
of  the  Library  of  Congress,  University  of  Illinois  Extension  of  Dewey, 
and  the  Dewey  Decimal  Classifications.  To  John  M.  Goodell,  and  Henry 
S.  Jacoby,  Associates,  Am.  Soc.  C.  E.,  T.  J.  McMinn,  and  A.  H.  Van 
Cleve,  Members,  Am.  Soc.  C.  E.,  Mr.  H.  E.  Haferkorn,  Librarian,  U.  S. 
Engineer  School,  Washington  Barracks,  and  members  of  the  Special 
Committee  on  Materials  for  Road  Construction,  of  the  American  Society 
of  Civil  Engineers,  special  acknowledgment  is  made. 
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CLASSES 


200 
300 


000     GENERAL 

100     CIVIL    ENGINEERING 

MECHANICAL    ENGINEERING 

ELECTRICAL    ENGINEERING 
400     MINING    ENGINEERING 
500     METALLURGY 
600     GAS  ENGINEERING 

700     CHEMICAL  TECHNOLOGY.      MANUFACTURES 
800     MILITARY  AND  NAVAL  SCIENCE 
900     OTHER    SUBJECTS 


DIVISIONS 


000  GENERAL 

010  Engineering  Bibliographies 

020  Engineering  Encyclopedias 

030  Engineering  Dictionaries 

040  Engineering  Directories 

050  Engineering  Societies 

060  Engineering  Periodicals 

070  Patents 

080  Engineering   in   General 

090  Materials   of  Engineering 


500  METALLURGY 

510  Iron    and    Steel 

520  Gold   and   Silver 

530  Copper 

540  Lead 

550  Tin 

560  Zinc 

580  Other  Metals 

590  Assaying 


100  CIVIL    ENGINEERING 

110        Structural    Engineering 

Buildings 
120        Surveying 
130        Railroads 
140        Street    Railroads 
150        Highways 

160        Hydrology.      Hydraulics.      Da 
170        Waterways 
180        Water  Power.     Water- Works. 

rigation.      Drainage 
190        Sanitation 


600  GAS   ENGINEERING 

610  Natural   Gas 

Bridges.    620  Materials 

630  Manufacture    and    Works 

640  Storage 

650  Distribution 

660  Utilization 

670  By   Products 

Dams         680  Management 


200  MECHANICAL   ENGINEERING 

210  Power   Transmission.      Millwork 

220  Heat  Engineering 

230  Automobiles 

240  Aeronautics 

250  Hydraulic    Machinery 

260  Machinery    for    Special    Purposes 

270  Machine   Shops 

280  Miscellaneous   Types    of   Power 

300  ELECTRICAL    ENGINEERING 

310  Electric  Measurement 

320  Dynamo-Electric    Machinery 

330  Control 

340  Transmission 

350  Telephone 

360  Telegraph 

370  Lighting 

380  Chemical    Electricity.      Batteries. 

390  Other  Uses 

400  MINING  ENGINEERING 

410  Prospecting.      Mine   Surveying 

420  Excavation    and   Working 

430  Drainage   and    Sanitation 

440  Transportation 

450  Ventilation 

460  Lighting.      Signaling 

470  Electricity    in    Mining 

4S0  Accidents.      Safety   Measure 

490  Mining   Special   Kinds   of   Ore 


Ir-  700  CHEMICAL  TECHNOLOGY. 
MANUFACTURES 

710        Chemicals.      Dyes.      Paints 

720        Ceramics 

730        Metal  Manufactures.  Machinery 

740        Lumbering.      Wood    Manufactures 

750        Paper    Making 

760        Textiles 

770        Leather   Manufacture.      Tanning 

780        Foods   and   Beverages 

790        Miscellaneous  Industries 


800  MILITARY     AND     NAVAL     SCIENCE 

810  Military  Science.      General 

820  Fortifications 

830  Ordnance 

840  Naval    Architecture.      Shipbuilding 

850  Yards 

860  Navigation.      Shipping 

870  Naval   Science.      War   Vessels 

880  Naval   Strategy    and    Tactics 

890  Naval   Organization 

900  OTHER  SUBJECTS 

910  Philosophy. 

920  Religion 

930  Sociology 

940  Philology 

950  Natural    Science 

960  Useful     Arts     (Other     than     Engi- 
neering and  Manufactures) 

970  Fine  Arts 

980  Literature 

990  History 
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SUB=D!V1SI0NS 


To  Be  Used  With  Any  Class  or  Sub=Class 

The  following  nine  divisions  have  been  used  as  the  first  general 
sub-divisions  under  each  main  class.  They  may  also  be  used  with 
sub-divisions  of  any  class.  For  instance,  the  sub-division  Costs  and 
Estimates  (.04)  may  be  applied  to  the  general  subject  of  Electrical 
Engineering  (300.04),  and  may  also  be  used  under  Dynamo-Electric 
Macliinery  (320),  a  sub-division  of  Electrical  Engineering  (320.04), 
and  also  under  Dynamotors  (322.3),  which  is  a  sub-division  of 
Dynam,o-Electric  Machinery  (322.304) — Dynamo-Electric  Macliinery 
being  320,  sub-division  Direct-Current  Machinery  being  322,  and  sub- 
division Dynamotors  being  322.3. 

.01  History 

.02  Laws  and  Legislation 

.03  Statistics 

.04  Costs   and  Estimates 

.05  Contracts  and   Specifications 

.06  Drawings 

.07  Congresses 

.08  Exhibitions 

.09  Tests.     Laboratories 

000  GENERAL 

010  Engineering  Bibliographies 

020  Engineering  Encyclopedias 

030  Engineering  Dictionaries 

040  Engineering  Directories 

050  Engineering  Societies 

060  Engineering  Periodicals 

070  Patents 

080  Engineering  in  General 

081  General   Works 

085  Ethics 

086  Valuation  of  Utilities    (For  Valuation   of   a   special    utility   see   special 

subject) 

087  Industrial   Management 
.1  Organization 

.2  Efficiency  Engineering 

.21  Scientific    Management.      Motion    Study 

088  Construction  Work.      Contracting 

.1  Contracts  and  Specifications.      General  Works   (For  Special  Contracts 

and  Specifications,  See  .05,  under 
that    subject) 

.2  Organization 

.3  Methods 

.31  Timekeeping.etc. 

.4  Inspection 

.5  Contractors'  Plant 

089  Excavation.      Earthwork        (See    also    420,    Excavation    and    Working. 

under    Mining    Engineering) 

.1  Earth    Excavation 

.2  Rock   Excavation 

.3  Excavating    Machinery 

.31  Steam  Shovels 

.32  Ditching   and   Trenching  Machinerv 

090  Materials  of  Engineering        (See  also    111,    Mechanics   of   Materials) 

091  Engineering  and  Testing  Laboratories 
.1  Laboratory   Manuals 

.2  Testing  Machines  and  Appliances 

3  Methods  of   Testing 
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091  Engineering   and   Testing   Laboratories    (Continued) 

.31  Selection  of  Test  Pieces.      Influence  of  Temperatures,   etc. 

.32  Weathering 

,33  Elastic  Limit  Tests 

.34  Tension,  Compression,  Torsion,  Flexure,  Shearing 

.341  Tensile  Tests 

.342  Compression  Tests 

.343  Torsion  Tests 

.344  Flexure    Tests 

.345  Shearing  Tests 

.346  Repeated  Stress  Tests 

.35  Impact.   Repeated  Shock  Tests 

.36  Hardness  Tests 

.37  Special  Tests   (Varying  for  different  materials) 

.38  Tests  on  Special  Shapes  and  Forms 

.39  Other  Tests 

092'  Timber.      Strength  and  Testing 

.1  Influence    of    Temperature 

.2  Weathering.     Decay  and  Preservation 

.3  Elastic  Limit  Tests 

.4  Tension,  Compression,  Torsion,  Flexure,  Shearing                                '  •'' 

.5  Impact.      Repeated    Shock   Tests 

.6  Hardness  Tests 

.7  Special  Tests  for  Timber 

.8  Special  Shapes 

.81  Posts 

.82  Columns 

.83  Shafts 

.84  Cylinders.     Pipe,  etc. 

.9  Descriptions  of  Various  Kinds  of  Timber   (Arranged  Alphabetically) 

093  Masonry   Materials 
.1  Stone 

.11  Influence   of   Temperature 

.12  Weathering 

.14  Tension,   Compression,    Shearing,    Crushing 

.15  Impact 

.16  Hardness   Tests 

.17  Special    Tests    for   Stone,    etc. 

.18  Special   Shapes  and  Forms 

.19  Descriptions   of   Kinds  of   Stone    (Arranged   Alphabetically) 

.2  Brick 

.21  Influence  of  Temperature 

.22  Weathering 

.24  Crushing  Tests 

.27  Special   Tests 

.271  Rattler  Tests                                                                                        <^  ■•  . 

.272  Absorption  Tests                                                              ■"'                       '' '  ■' 

.3  Tile 

.4  Terra  Cotta                                                                                                      '•• 

.5  Lime.     Mortar                                                                                                  - 

.6  Cement 

.61  Influence  of  Temperature.      Selection  of  Test  Pieces 

.62  Weathering 

.63  Tension,    Compression,    etc. 

.65  Impact  Tests 

.66  Soundness.      Constancy    and    Time   of    Setting 

.67  Special  Tests 

.671  Fineness   of   Grinding 

.672  Accelerated   Tests 

094  Concrete.      Strength  and  Testing 

.1  Influence  of  Temperature  and  Mixing.     Selection  of  Pieces 

.11  Concrete  Aggregates 

.111  Sand 

.112  Gravel 

.113  Slag 

.114  Water 

.12  Forms.      Removal  of  Forms 

.13  Effects   of  Freezing  on   Concrete 

.2  Weathering.      Concrete    Finishing 

.21  Action  of  Salt  Water 

.22  Action   of  Gases   and   Other   Chemicals 

.23  Water-proofing 

.24  Concrete    Finishes.      Stucco 

.3  Elastic  Limit  Tests 

.4  Tension,    Compression,    Torsion,    Flexure,    Shearing 

.5  Impact 

.6  Hardness 


1622  twp:nty-five  years  of  society  activities 

094  Concrete.      Strength    and    Testing    (Cmitinued) 
.7  Special  Tests  for  Concrete 

.8  Special    Shapes 

.81  Bars.      Slabs 

.82  Columns.      Posts.      Footings 

095  Reinforced   Concrete.      Strength    and   Testing 

.1  Influence  of  Temperature.      Expansion   and  Contraction 

.2  Weathering.      Corrosion    of    Reinforcement 

.3  Elastic  Limit  Tests 

.4  Tension,  Compression,  Torsion,  Flexure,  Shearing 

.5  Impact.      Repeated   Shock  Tests 

.6  Hardness 

.7  Special   Tests 

.71  Bond  of  Concrete  and  Metal 

.'8  Special  Shapes 

.81  Bars.      Beams.      Slabs 

.82  Columns.      Posts.      Struts.     Footings 

.83  Shafts 

.84  Cylinders.      Pipes,  etc. 

.9  Types  of  Reinforcement 

096  Other  Non-Metallic  Materials        (Glass,   Asbestos,    etc.) 

097  Iron  and  Steel 

.1  Effect   of  Temperature 

.2  Weathering.      Corrosion    and    Protection 

.3  Elastic  Limit  Tests 

.4  Tension,   Compression,  Torsion,   Flexure,   Shearing 

.5  Impact 

.6  Hardness 

.7  Special    Tests 

.8  Special    Shapes 

.81  Bars.      Beams 

.811  Continuous    Beams 

.82   ,  Columns 

.83  Shafts 

.84  Cylinders.      Rollers.      Spheres.     Tubes.      Pipes 

.85  Rivets.      Pins.      Riveted   Joints 

.86  Nails.      Screws.      Bolts 

.87  Angles.      Shapes.      Plates 

.89  Other  Shapes 

.891  Springs 

.892  Wire 

.893  Chains.      Chain   Links 

.9  Special    Materials 

.91  Cast    Iron 

.92  Wrought    Iron 

.93  Steel 

098  Metals      (Other  than  Iron  and  Steel) 
.1  Copper 

.2  Zinc 

.9  Alloys 

099  Other  Materials 

100  CIVIL  ENGINEERING 

General 

.01  History 

.02  Laws  and  Legislation 

.03  Statistics 

.04  Costs   and   Estimates 

.05  Contracts  and   Specifications 

.06  Drawings 

.07  Congresses 

.08  Exhibitions 

.09  Tests.     Laboratories    (See    also   090,    Materials    of    Engineering) 

110  Structural    Engineering.      Bridges.      Buildings 

111  Mechanics  of  Materials.     Strength  of  Materials.     General   Theory 
.1  Beams 

.11  Continuous   Beams 

.2  Columns.      Posts.      Struts 

.3  Shafts 

.4  Cylinders.      Spheres 

.5  Rollers.     Plates 

.6  Riveted  Joints.     Pin  Proportioning 

112  Theory  of  Design.     Stresses  and  Strains 
.1  Analytic  Methods.      Graphic  Statics 

.2  Loads    and    Stresses    (General    Material    here.     For    Stresses    In    a 

Special   Structure,   See  112.9) 

.21  Dead  Loads 

.22'  Live  Loads 
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112 


113 


> 

Theory   of   Design.     Stresses    and    Strains    {Continued) 

'.23 

Impact  Loads 

.24 

Wind  Pressure 

.25 

Snow   Loads 

.3 

Iron  and  Steel   Construction    (General.      For  an   Iron   Truss   Bridge, 

(See  112.92) 

.4 

Masonry  Construction    (General) 

.41 

Stone   Construction    (General) 

.42 

Brick   Construction    (General) 

.5 

Concrete    Construction    (General) 

.6 

Reinforced   Concrete   Construction    (General) 

.7 

Timber   Construction    (General) 

.8 

Esthetics  of  Design 

.9 

Design  of  Special  Types 

.91 

Arches.      Arch  Bridges 

.911 

Metallic 

.912 

Masonry 

.913 

Concrete 

.914 

Reinforced   Concrete 

.92 

Trusses.       Truss    Bridges 

.921 

Simple 

.922 

Continuous 

.93 

Girders.     Girder  Bridges 

.94 

Movable  Bridges 

.941 

Swing 

.942 

Lift      Bascule 

Turntables    (See    133.83) 

.95 

Cantilever  Bridges 

.96 

Suspension    Bridges 

.97 

Viaducts 

.98 

Other  Forms  of  Bridges 

.981 

Ferry  Bridges.      Transporter  Bridges 

.982 

Pontoon 

.983 

Trestles 

.984 

Tubular 

.99 

Roofs.      Domes 

Foundations.      Bridge  Piers  and   Abutments 

General 

.001 

Exploration  of  Site 

.0011 

Borings 

.0012 

Supporting    Power   of    Soils 

.002 

Theory   of  Design 

.0021 

Loads 

.0022 

Area   of   Foundation    Required 

.0023 

Center  of  Pressure   and   Center  of  Base 

.1 

Underpinning.      Shoring 

.2 

Spread   Foundations 

.21 

Masonry    Footings 

.211 

Stone 

.212 

Brick 

,213 

Concrete 

.214 

Reinforced    Concrete 

.22 

Timber    Grillage 

.23 

Steel   Beam   Grillage 

.24 

Eccentric    Footing 

.25 

Cantilever    Footing 

.26 

Inverted    Arch 

.3 

Piles    and    Pile-Driving 

.31 

Timber    Piles 

.311 

Mechanical  Protection  (Cement  Mortar,  Galvanized  Iron,  Pipe, 

etc.) 

Preservation   of  Timber    (See   092.2) 

.32 

Concrete    Piles 

.321 

Pre-moulded 

.322 

Cast  in  Place 

.33 

Metal    Piles 

.331 

Disk   Piles 

.332 

Screw    Piles 

Sand    Piles    (See    113.913) 

Pneumatic  Piles    (See   113.6) 

.34 

Sheet-Piles 

.35 

Pile-Drivers 

.36 

Driving    by   Water-Jet 

.37 

Bearing   Power  of   Piles 

.4 

Coffer-Dams 

.41 

Earth 

.42 

Sheet-Pile 
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113  Foundations.      Bridge    Piers    and    Abutments     {Continued) 
.43  Crib 

.44  Movable 

.45  Miscellaneous 

.5  Box    and    Open    Caissons 

.51  Box    Caissons 

.52  Single-Wall    Open    Caissons 

.53  Cylinder  Caissons    (Open   Wall.      Wood.      Iron.      Masonry) 

.54  Open    Caissons   with    Dredging   Wells 

.55  Hydraulic    Caissons 

.6  Pneumatic  Caissons 

.61  For  Bridges 

.62  For   Buildings 

.63  Caisson    Disease 

.7  Pier  Foundations   in   Open  Wells 

.8  Bridge    Piers.      Bridge   Abutments 

.81  Width  of  Waterway 

.9  ,  Miscellaneous   Processes  , 

.91  Consolidating  the   Soil 

.911  By  Adding   Sand 

.912  By   Driving  Wooden    Piles 

.913  By   Using  Sand  Piles 

.914  By  the  Compressol  System 

.92  Drainage 

.93  Freezing 

.94  Grouting 

114  Retaining  Walls 

115  Bridges  in  General    (For   Design,    See    112) 

.1  For   Special   Uses    (For   general    material    only.      Class    with    special 

type  if  possible) 

.11  Highway   Bridges 

.12  Railroad    Bridges 

,    .13  Military   Bridges    (See   also   112.982    and    116)                         i--": 

.14  Park   and   Ornamental    Bridges 

.2  By    Special    Location 

.21  Skew   Bridges 

.3  Of    Special    Materials    (Divided    like    090.      Class   with    special    type 

if    possible) 

.4  Location.     Approaches 

.5  Selection    and   Comparison    of  Types 

Foundations.      Bridge    Piers    and    Abutments    {See   113) 

116  Bridge  Construction      (Put   here   only   practical   material   on   Erection, 

Maintenance,    Failures,    etc.,    and    Descriptions 
of    Bridges    actually    Built) 

.001  Shop    Practice.      Shop    Inspection 

.002  Layout   of   Plant 

.003  Erection.      Falsework.      Erecting    Equipment 

.004  Bridge    Floors 

.005  Bridge    Painting 

.008  Other    Details 

.009  Maintenance    (Inspection,   Lighting,   etc.) 

.1  Arch  Bridges 

.2  Truss   Bridges 

.3  Girder   Bridges 

.4  Movable  Bridges 

.5  Cantilever   Bridges 

.6  Suspension   Bridges 

.61  Towers 

.62  Anchorage                                                                                                 H'-. 

.63  Cables 

.64  Stiffening   Trusses 

.7  Viaducts 

.9  Other   Forms 

.91  Ferry  Bridges.      Transporter  Bridges 

.92  Pontoons 

.93  Trestles 

.94  Tubular 

117  Building  Construction.  Buildings 
.003  Erection  of  Steel  Buildings 
.02  Building  Laws 

.1  Details  of  Construction 

.11  Floors 

.12  Ceilings 

.13  Stairs 

.14  Windows   and   Dnors 

.15  Chimneys  and  Flues 
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117  Building    Construction.      Buildings     (Contijined) 

.16  Roofs    and    Roofing    (For    Design    of    Roofs,    See    112.99,    Roofs, 

under   Theory   of   Design) 

.17  Vaults 

.18  Walls.      Partitions                                                                                         ij  i 

.19  Other  Details 

.191  Fire  E!:capes 

.192  Scaffolding 

.193  Elevator  Shafts 

Ventilation    and   Heating    (See   227) 

.2  Educational,  Government  and  Scientific  Buildings.      Exhibitions,  etc. 

.3  Business    and    Commercial     (See    also     117.7,    Factories    and    Mill 

Buildings) 

.31  OfRce  Buildings 

.32  Stores,  etc. 

.33  Markets 

.4  Domestic  Architecture.     Residences 

.41  Houses.      Bungalows 

.42  Tenement  Houses.      Housing  of  the  Poor 

.421  Model    Factory    Towns 

.43  Apartment  Houses                                                                                        ^i  f 

.44  Hotels 

.5  Storage    Buildings 

.51  Bins    (See  also   133.86,   Sand  Plants   and   Bins,   under  Railroads) 

.52  Coal    Storage    Plants 

.53  Grain    Elevators 

.54  Ice    Houses 

.55  Lumber    Sheds 

.56  Warehouses 

.6  Hospitals    and    Asylums 

.7  Factories    and    Mill    Buildings 

.9  Other   Buildings 

.91  Prisons.     Reformatories   (See  also  Prisons,  under  Social  Sciences) 

.92  Churches.      Monuments.      Mausoleums 

.93  Recreation   Buildings 

.931  Theatres 

.94  Baths 

.95  Public   Comfort   Stations 

.96  Wash   Houses.      Public  Laundries                                                     : ,; 

118  Fire   Prevention  and   Protection                                         T 
.1  Fire    Resistive   Construction 

.2  Fire  Prevention   and   Extinction 

.21  Fire  Alarms 

.22  Fire   Extinction 

.221  Automatic   Sprinklers 

.222  Chemical    Engines.      Chemical    Systems 

.223  Fire  Engines,   etc. 

.224  Fire  Boats 

.3  Conflagrations    (Arranged    Alphabetically    by    Place) 

.4  Fire  Departments 

119  Other  Structures 

.1  "       Stadium    (e.   g.,   Yale   Bowl) 

.2  Subways   for   Passenger   and   Vehicular   Traffic 

.3  Pipe  Subways 

120  Surveying.      General 

121  Instruments 

.1  Tapes,    Chains,    Rods,    etc. 

.2  Compass 

.3  Transit   and   Theodolite 

.31  Solar  Attachment 

.4  Sextant 

.5  Photo    Theodolite 

.6  Plane   Table 

.7  Level 

.71  Aneroid    Barometer                                                                               •' ■ 

.8  Drawing    Instruments                                                                             c  i  : . 

.9  Other  Instruments 

122  Land   Surveying 

123  City  Surveying 

124  Topographic  Surveying 

.9  Photographic   Surveying 

125  Geodetic  Surveying 

.1  Triangulation.      Base    Lines 

.2  Stations,    Towers,    etc. 

.3  Adjustments  of  Errors 

.4  Astronomical  Observations 

126  Leveling 
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127  Plotting 

.1  Projections 

.2  Lettering 

.3  Photograpliic    Reproductions.      Blue   Prints 

130  Railroads 

General 

.01  History   of   Railroad   Engineering 

.011  History  of  Individual  Railroads   (Arranged  by  Railroad) 

.02  Laws   and   Legislation.      Legal   Documents 

.021  Of  Individual  Railroads   (Arranged  by  Railroad) 

.022  Of   States   or   Provinces    (Arranged   by   Name) 

.023  Of   Governments    (Arranged   by    Name) 

.03  Statistics 

.04  Costs  and  Estimates 

.05  Contracts   and    Specifications 

.06  Drawings 

.07  Congresses 

.08  Exhibitions 

.09  Tests.     Laboratories 

.9  General  Descriptions  of  Railroads    (Arranged  by  Name  and  Place) 

131  Location 

.1  Preliminary   Plans.     Economics  of  Location 

.11  Land   Grants 

.2  Surveying 

.21  Curves.      Transition    Spirals 

132  Construction  of  Roadbed     (To  sub-grade) 

Eartliwork    («ee   .089) 

.1  Drainage.      Culverts 

.2  Tunnels    and   Tunneling 

.21  Masonry  Lining 

.22  Grouting 

.3  Grade   Crossings.      Track    Elevation    and    Depression 

133  Construction  and  Maintenance  of  Permanent  Way 

.1  Roadmasters'    and    Trackmasters'    Regulations    and    Manuals 

.2  Gauge 

.3  Ballast 

.4  Ties  and  Sleepers 

.5  Rails 

.51  Rail-fastenings 

.6  Turnouts.      Frogs    and    Switches.  •  Track    Crossings 

.7  Removal    of    Wrecks,    Snow,    and    Weeds 

.71  Removal  of  Wrecks 

.72  Removal  of  Snow 

.73  Removal  of  Weeds 

.8  Track  Accessories                                                                                      '  - - 

.81  Track   Tanks.      Fuel   and   Water   Stations 

.82  Ash-pits,    etc. 

.83  Turntables.      Transfer    Tables 

.84  Fences,    Cattle-guards,    Snow    Guards 

.85  Snow    Sheds 

.86  Sand   Plants   and   Bins 

.9  Yards   and  Terminals 

134  Buildings 

.1  Passenger   Stations 

.2  Freight    Stations 

.3  Engine   Houses.      Roundhouses 

.4  Shops 

.5  Coal    Sheds 

135  Rolling  Stock 
.1  Cars 

.11  Car   Details 

.111  Wheels 

.112  Axles 

.113  Bearings   and    Lubrication 

.114  Springs 

.115  Couplings 

.116  Brakes 

.117  Furnishings 

.118  Sanitation,    Heating,    Lighting,    Ventilation 

.12  Passenger    Cars 

,13  Baggage    and    Mall    Cars 

.14  Freight    Cars 

.15  Work  Cars 

Motor  Cars   (See  136.6) 

.2  Locomotives     (Put    here    Manuals    for    Locomotive    Engineers    and 
Firemen.      See    also    Electric    Locomotives,    136.5) 
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135  Rolling  Stock    (Coiitinued) 
.21  Design    and    Construction 

.22  Details    (Frames,   Boilers,   etc.      Divide  if  necessary) 

.23  Types 

.24  Locomotive  Tenders 

.25  Locomotive  Shops  and  Works 

.26  Locomotive  Maintenance  and   Repair.      Inspection 

.27  Locomotive  Performance 

136  Use  of  Electricity.     General  Works  on   Electric  Railroads 

.1  Power    Requirements.      Sub-Stations    (For    Power    Plants,    See    321, 

Electric  Plants,  under 
Electrical    Engineering) 

.2  Power  Transmission 

.21  Overhead   Trolley    Systems 

.22  Third-Rail    Systems 

.23  Other  Systems 

.3  Track     I  j  Material    to    be    classed    here    only    when    differing    In 

.4  Cars        \    \     construction    from   ordinary   track   and   cars 

.5  Electric   Locomotives 

.6  Railway    Motor    Cars 

.7  Rolling    Stock    Accessories    and    Parts 

.71  Motors,    Controllers,    etc. 

.8  Locomotive   and   Car   Wiring 

137  Operation 

.1  Signals  and   Signaling 

.11  Hand    Signals 

.12  Telegraph    and   Telephone   Systems 

.13  Block    Systems 

.14  Interlocking   Systems 

.2  Train   Movement 

.21  Train   Resistance 

.22  Train    Speed 

.23  Train   Load 

.24  Train    Running 

.241  Travelers'   Guides.     Time-Tables 

.3  Railroad    Accidents.      Safety    Measures 

.4  TraflRc 

.41  Station   Management 

.42  Passenger  TrafBc 

.43  Baggage 

.44  Express 

.45  Mail    Service 

.46  Freight 

.5  Rates 

.51  Passenger    Tariffs 

.52  Freight  Tariffs 

.6  Finance 

.61  Capitali?,ation 

.62  Valuation 

.63  Accounting 

.64  Receivership   and   Reorganization 

.65  Clearing   House 

.7  Organization   of  Staff  and   Force 

.71  Service    Rules    and    Regulations 

.72  Wages 

.73  Strikes 

.8  Federal  and  State  Relations 

138  Reports 

.1  Company   Reports 

.2  State   Commission   Reports    (Enter   here   only   serials   or   reports   so 

general  in  nature  that  they  cannot 
be  classed  elsewhere) 

.3  Government  Reports  (Above  note  applies  also  to  this  class) 

139  Miscellaneous   Kinds  of  Railways 
.1  Mountain 

.11  Cable 

.12  Rack 

.2  Monorail 

.3  Aerial  Tramways 

.4  Industrial    Railways 

,5  Ship    Railways 

140  Street  Railways.      Elevated  Railways.     Subways 

General 

.01  History 

.02  Laws  and  Legislation 

.03  Statistics 

.04  Costs  and  Estimates 


1628  TWENTY-FIVE    YEARS   OF   SOCIETY    ACTIVITIES 


140 

Street    Railways.      Elevated    Railways.     Subways    (Continued) 

.05 

Contracts    and    Specifications 

.06 

Drawings 

.07 

Congresses 

.08 

Exhibitions 

.09 

Tests.      Laboratories 

.9 

General   Descriptions   of   Street    Railways    (Arranged   by    Name    and 

Place) 

141 

Location 

1 

Preliminary    Plans.      Promotion 

.2 

Surveys 

142 

Construction  in  General 

.1 

Surface    Railways 

.2 

Elevated   Railways 

.3 

Subways 

.4 

Freight    Subways 

143 

Construction   of  Track.      Maintenance 

.1 

Paving  Between   Tracks 

.2 

Rails.      Bonding 

.3 

Electrolysis.     Lpakage 

144 

Structures  and  Buildings 

.1 

Passenger  Stations 

.2 

Car   Barns 

.3 

Shops 

.9 

Other   Structures 

145 

Rolling  Stock 

.1 

Cars 

.2 

Car    Heating    and    Lighting 

.3 

Car    Painting 

.4 

Car  Maintenance 

.5 

Accessories   and    Parts.      Street    Railway    Motors,    etc. 

146 

Traction 

.1 

Electric  Power  Requirements 

Electric  Power  Plants  (See  321) 

.2 

Electric  Power  Transmission  Systems 

.21 

Overhead    Trolley    Systems 

.22 

TTnderfiTnund    Conductors     (Conduits) 

.23 

Third   Rail   Systems 

.24 

Other   Systems 

.3 

Traction    Other    Than    Electric 

.31 

Cable 

.32 

Compressed  Air 

.33 

Horse 

147 

Operation 

.1 

Signals  and  Signaling 

.2 

Movement    of   Trains    and    Cars 

.3 

Accidents 

.4 

Traffic 

.5 

Finance  and   Accounts 

.51 

Capitalization 

.52 

Valuation 

.53 

Accounting 

.6 

Organization   and   Employees 

.7 

Municipal    and    State   Relations 

148 

Reports 

.1 

Company 

.2 

City 

.3 

State 

A' 

Government 

150 

Highways  (General  Works   and  Treatises  classed   here) 

General 

.01 

History 

.011 

Descriptive    Material     (Put    here    material    on    roads    of    "New 

Jersey",      "Lincoln      Highway",      etc.. 

arranged    by    locality) 

.02 

Legislation 

.021 

Municipal 

.022 

County 

.023 

State 

.024 

National 

.03 

Statistics 

.031 

Local 

.032 

County 

.033 

State 

.034 

National 

.035 

Automobile  and  Motor  Truck 

.04 

Costs    and   Estimates 
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150  Highways    {Continued} 

.05  Contracts    and    Specifications 

.06  Drawings 

.07  Congresses 

.08  Exhibitions 

.09  Tests.      Laboratories 

151  Administration.      Reports 
.1  Organization 

.11  Civil  Service  Registrations 

.2  Maintenance  Systems 

.3  Labor.      Convict  Labor 

.4  Inspection 

.5  Municipal  Reports 

.6  County  Reports 

.7  State  Reports 

.8  Government  Reports 

152  Economics 
.1  Financing 

.11  Administration  and  Engineering 

.12  Construction  of  Highways 

.13  Maintenance  of  Higliways 

.14  Labor  Tax 

.15  Bonds 

.16  Assessments 

.17  Appropriations                            ais'ian- 

.2  Accounting 

.3  Comparison  of  Different  Roads  and  Pavements 

.4  Effect  of  Road  Improvements  on  Social  and  Business  Conditions 

.5  Traffic 

.51  Census 

.52  Tractive  Resistances 

.53  Costs  of  Transportation 

.6  Contracting 

153  Design 

.1  Preliminary  Investigations 

.2  Highway  Systems 

.21  Municipal 

.22  County 

.23  State 

.24  Government 

.3  Surveys 

.4  Mapping 

.5  Location  and  Grades 

.6  Widths 

.7  Crowns,  Cross-Sections  and  Street  Intersections 

.8  Bridges  and  Fords   (Location  only.      For  Design  and  Construction  of 

Bridges,  See  110) 

.9  Miscellaneous 

154  Higliway  Details 

.1  Grade  Crossings,  Elimination  of  (See  also  119.2) 

.2  Subsurface  Structures 

.21  Pavement  Openings 

.3  Sidewalks 

.31  Gravel 

.32  Cement-Concrete 

.33  Tar  Concrete 

.34  Asphalt 

.35  Brick 

.36  Stone  Flags 

.37  Stone  Blocks 

.38  Wood                                                                                                                  ■-'. 

.39  Other  Materials 

.4  Curbs 

.41  Stone 

.42  Cement-Concrete 

.5  Fences,  Guard-Rails  and  Walls 

.6  Road   and   Street   Signs 

.7  Car  Tracks,  Paving   (See  also  143.1) 

.8  Trackways 

.9  Miscellaneous 

Roadsides,    Esthetic    Treatment    (See    971,    Landscape   Architecture) 
Tree  Culture  (See  963,  Agriculture  and  Forestry) 

Lighting     Systems      (See     371.2,     Electric     Lighting.      Illumination, 
Exterior  and  661.12,  Gas  Lighting.     Illumination,  Exterior) 

155  Grading,  Drainage  and  Foundations 
.1  Grading 

.11  Excavation 
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155  Grading,  Drainage  and  Foundations   (Continued) 
.111  Earth 

.112  Rock 

.12  Embankments 

.121  Earth 

.122  Rock 

.13  Subgrades 

.14  Special  Methods 

.141  Swamps  and  Marshes 

.142  Side-hill  Grading 

.2  Drainage 

.21  Ditches 

.22  Gutters 

.23  Subdrains 

.24  Culverts 

Catch-Basins  and  Inlets   (See  191.54) 

.3  Foundations 

.31  Natural 

.32  Artificial 

.321  Telford 

.322  V-Drain 

.323  Field  Stone 

.324  Broken  Stone 

.325  Gravel 

.326  Cement-Concrete 

156  Materials 

.1  Earth,  Sand  and  Clay 

.11  Burned  Clay 

.2  Gravel 

.3  Broken  Stone 

.4  Cement-Concrete 

.5  Stone  Blocks 

.6  Wood  Blocks 

.61  Preservatives 

.7  Brick 

.8  Bituminous  Materials 

.81  Petroleums 

.82  Asphalts 

.83  Rock  Asphalts 

.84  Tars 

.85  Tars  and  Asphalt  Compounds 

.9  Miscellaneous  Materials 

.91  Calcium  Chloride 

.92  Sulphite  Liquor 

.93  Shells 

.94  Slags 

.95  Clinkers 

157  Roads  and  Pavements 
.1  Earth  and  Sand-Clay 
.2  Gravel 

.3  Broken  Stone 

.4  Cement-Concrete 

.5  Stone  Block 

.6  Wood  Block 

.7  Brick 

.8  Bituminous  Pavements 

.81  Bituminous  Macadam 

.82  Bituminous  Concrete 

■821  One-Product  Screening  Plant 

.822  Broken  Stone  and  Sand 

.823  Asphalt  Block 

.824  Topeka 

.825  Bitulithic 

.826  Warrenite 

.827  Amiesite 

.83  Sheet-Asphalt 

.84  Rock  Asphalt 

.85  Miscellaneous 

.851  Earth  Mix 

.852  Sand  Mix 

.853  Petrolithic 

.9  Miscellaneous 

.91  Slag 

.92  Cobblestone 

.93  Shell 

.94  Clinker 

.95  Wooden  Plank 
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157 

Roads    and    Pavements    (Continued) 

.96 

Corduroy 

.97 

For  Special  Purposes 

.971 

Service  Test  Roads 

.972 

Race  Tracks 

.973 

Bridle  Paths 

.974 

Motor-Dromes 

.975 

Motor-Trackways 

158 

Street  Cleaning,  Dust  Prevention  and  Snow  Removal 

.1 

Street  Cleaning 

.11 

Methods 

.12 

Reports    (Arranged  by  Place) 

.2 

Dust  Prevention 

.3 

Snow  Removal 

159 

Machinery  and  Tools 

.1 

Grading  Machinery 

.11 

Steam  Shovels 

.12 

Road  Drags 

.13 

Scrapers 

.14 

Graders 

.15 

Scarifiers 

.2 

Rollers  and  Tractors 

.3 

Crushing,  Screening  and  Washing  Machinery 

.4 

Mixing  Machinery 

.41 

Cement-Concrete 

.42 

Bituminous  Concrete 

.43 

Sheet-Asphalt 

.5 

Distributing  Machinery 

.51 

Watering  Carts 

.52 

Bituminous  Material  Distributors 

.6 

Street  Cleaning  and  Snow  Removal  Machinery 

.61 

Sweepers 

.62 

Squeegees 

.63 

Plushers 

.64 

Snow  Plows 

.7 

Motor  Trucks  and  Trailers 

.8 

Small  Tools 

.9 

Miscellaneous 

.91 

Wagons 

160 

Hydrology.      Hydraulics.      Dams 

161 

Hydrology.     Water  Resources 

.1 

Physical    Properties   of  Water 

.11 

Temperature 

.12 

Ice 

.2 

Rainfall   and  Run-off 

.3 

Stream  Measurements 

.4 

Springs.      Wells 

.5 

Underground    Water 

.6 

Evaporation   and   Percolation 

.7 

Forest  Influences 

.9 

Hydrology  of  Individual  Localities    (Arranged  Geographically) 

162 

Hydraulics 

.1 

Instruments  of  Measurement 

.11 

Gauges    (For  Heights   and   Depths) 

.12 

Water-Flow  Meters    (For  Volumes) 

.13 

Current- Velocity    Meters 

.14 

Floats    (For  Velocities   and   Directions) 

.15 
.16 

SoJefefs    [(For  Pressures) 

.19 

Other  Instruments 

.2 

Flow   in   Open   Channels 

.21 

Back-Water 

.22 

Surges 

.3 

Flow  over  Weirs 

.4 

Flow  through  Orifices 

.5 

Flow  through  Short  Tubes  and  Nozzles 

.6 

Flow  through   Pipes 

.61 

Water-Hammer 

163 

Hydrostatics 

164 

Dams   and   Reservoirs.      General 

.1 

Foundations 

.11 

Exploration   and  Site 

.12 

Borings 

.13 

Seepage 

.2 

Design 

.21 

Profiles 

.3 

Stream  Diversion 
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164  Dams    and    Reservoirs.     General     (Continued) 
A  Dam  Accessories 

.41  Gates 

.42  Spillways 

.43  Movable  Crests 

.44  Racks 

165  Fixed   Dams 
.1  Earthen 

.11  Hydraulic-Fill 

.2  Rock-Fill 

.21  Timber 

.22  Steel 

.3  Masonry 

.31  Gravity 

.311  Hollow 

.32  Arched 

.33  Reinforced  Concrete 

166  Movable  Dams  (Resting  on  River  Beds) 
.1  Trestle 

.11  Needle 

.12  Gates  and  Shutters 

.13  Curtains 

.2  Wickets 

.3  Bear-Trap 

.4  Rolling 

■ .9  Other  Types 

Coffer-Dams    (See  113.4) 

167  Reservoirs 

170  Waterways  r '• 

General 

.01  History 

.02  Laws  and  Legislation 

.021  Riparian  Rights 

.022  Water   Rights 

.023  Laws  of  Individual   State.s  or  Provinces 

.024  Laws  of  Individual  Governments                                                      ■ . 

.03  Statistics                                                                                                       <'- 

.04  Costs    and   Estimates 

.05  Contracts  and  Specifications 

.06  Drawings 

.07  Congresses 

.08  Exhibitions 

.09  Tests.      Laboratories 

.1  Water    Transportation    (Put    here    description    of    Special    Kinds    of 

Traflic     (Grain    Trade,    etc.),    also    Traffic 

Statistics) 

.7  Federal  and  State  Relations 

.71  Subsidies 

.8  Economics 

.81  Relation   to  Other  Transportation 

.82  Rates 

.9  Inland    Navigation    Systems    (Arranged   by    Country) 

.91  Special  Projects   (e.  .fir.  Lakes  and  Gulf  Waterways) 

171  Hydrographic  Surveyingc'Put    actual    surveys    with    the    subject.      For 

Stream     Measurements,     See    161.3,     under 
Hydrology.      Hydraulics.      Dams) 

172  Excavation 

.1  Dredges  and  Dredging 

.2  Rock    Removal 

173  Coast  Erosion  and  Protection 
.1  Groins,  Spur-Dikes,  etc. 

.2  Sea  Walls    (See  also  Retaining  Walls,   114,   under  Structural  Engi- 
neering) 

.3  Reclamation   of  Tidal   Lands 

Breakwaters   and   Jetties    (See   175.11   and   175.12) 

175  Harbors 

.01  History 

.02  Laws   and  Legal   Documents 

.1  Protective  Works 

.11  Breakwaters 

.12  Jetties 

.13  Roadsteads   and   Anchorage 

.14  Bulkheads.      Dock  and  Quay  Walls 

.2  Development  Works  and  Terminals 

.21  Terminals 

.22  Docks  and  Piers.     Wharves  (Includes  enclosed  docks  used  abroad) 

.23  Freight  Handling.     Dock  Machinery 
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175  Harbors    (Continued)  < 
.3                        Operation                                                                                                        12. 
.31                          Rates                                                                                                           r' 

.9  General  Description  of  Individual  Harbors   (Arranged  by  Harbor) 

176  Canals 

General 

.01  History 

.02  Laws   and   Legislation 

.03  Statistics 

.04  Costs  and  Estimates 

.05  Contracts    and    Specifications 

.06  Drawings 

.07  Congresses 

.08  Exhibitions 

.09  Tests.      Laboratories 

.1  Location.      Preliminary    Investigations.      Dimensions. 

.11  Location   of   Individual    Canals    (Arranged    by   Name   of   Canal   or 

Locality) 

.2  Construction   and   Equipment 

.21  Excavation 

.22  Embankments 

.23  Locks  and  Lock-Gates                                                                           -.:. 

.24  Inclines   and  Lifts                                                                              .    ■<S. 

.25  Aqueducts   and   Siphons                                                                          " 

.26  Enlargement 

Dams  and  Reservoirs  (See  164) 

.27  Traction 

.271  Motive  Power 

.272  Boats                                                                                                         ?, 

.273  Resistance  of  Water 

.29  Of  Individual  Canals  (Arranged  by  Name  of  Canal  or  Locality) 

.3  Operation 

.31  Management 

.32  Finance 

.321  Rates 

.33  Freight 

.34  Relations   to   Commerce   and   other  Forms   of   Transportation 

.35  Of  Individual  Canals  (Arranged  by  Name  of  Canal  or  Locality). 

.5  Company  Reports 

.6  State   Reports 

.7  Government  Reports 

.8  Federal    and    State    Relations    (General    only.      Special    reports    go 

with    State    and    Government    Re- 
ports) 

.9  General    Description    of    Canals    (Arranged    by    Name    of    Canal    or 

Locality) 

177  Rivers 

River  Hydraulics  and  Stream  Measurements   (See  160) 
Dredging   (See  172) 
.1  Regulation 

.11  Storage  and   Regulation   Reservoirs    (Put  here  general   discussion 

of  the  subject.     For  theory 
of     design     and     construc- 
tion. See  160) 
.12  Channel  Contraction 

.13  Bank   and   Bed  Protection 

.131  Training  Walls 

.132  Spur-Dikes,  Groins,  Hurdles,   etc. 

.133  Ground   Sills 

.134  Levees    (Including    Embankments    and    Dikes) 

.135  Revetments    (Including  River  Walls,   Pavings,   Mattresses,   etc.) 

.14  River  Outlets   (Embouchures) 

.141  Jetties,    Moles,  etc. 

.2  Canalization 

Dams   (See  164) 

Locks    and    Lock-Gates    (See    also    Construction    and    Equipment, 
176.2,   under  Canals.) 
.3  Floods  and  Flood  Control 

Rainfall   and   Run-off    (See   161.2) 

Reservoirs,   Channel   Improvement,   Levees    (See  177.1) 
.9  Individual  Rivers  (Arranged  by  Name  of  River  or  Locality) 

1 78  Lakes 

179  Oceans 
.1  Tides 

.11  Theory  i- 

.12  Application 

.2  Currents 
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179  Oceans   (Continued) 
.21  Theory 

.22  Application 

.3  Waves 

•4  Individual  Oceans,  or  Arms.(e.  g.  Gulf  of  Mexico.      Arranged  under 

Name.) 

180  Water  Power.     Water- Works.      Irrigation.     Drainage 

181  Water   Power.     Hydro-electric   Plants 
.1  Investigation 

.2  Design  and  Construction 

Dams   (See  164) 

.21  Canals.      Plumes.      Tunnels. 

.211  Racks 

.22  Wheel    Pits 

.23  Penstocks 

.24  Draft-Tubes 

.25  Power-House 

.26  Water-Wheels 

.2609  Testing 

.261  Gravity 

.262  Turbine 

.2621  Action 

.2622  Reaction 

.263  Auxiliaries 

Electric  Machinery  (See  300) 

Transmission  (See  340) 

.3  Cost  and  Sale  of  Power 

■4  Damage  by  Water  Diversion 

.5  Valuation 

.6  Water  Powers.      Undeveloped  (Arranged  by  Place) 

•7  Water  Powers.     Developed  (Arranged  by  Place) 

182  Water- Works.     General 
.01  History 

.02  Laws  and  Legislation 

.03  Statistics 

.04  Costs  and  Estimates 

.05  Contracts  and  Specifications 

.06  Drawings 

.07  Congresses 

.08  Exhibitions 

.09  Tests.     Laboratories 

.1  Preliminary    Investigations.     Quantity   of   Water   Required 

.2  Collection  of  Water 

.21  By  Wells 

.211  Artesian 

■22  In   Reservoirs    (For  Construction,  See  164,   Dams  and  Reservoirs, 

under    Hydrology.     Hydraulics.     Dams) 

.23  Through   Intakes 

.24  By    Infiltration    Galleries 

183  Analysis.     Quality      (See  olso  161.1,  Physical  Properties  of  Water,under 

Hydrology.     Hydraulics.     Dams) 

184  Purification  of  Water 

.1  Mechanical   Treatment 

.11  Sedimentation 

.12  Filtration 

.121  Natural  Filtration 

.122  Sand  Filtration 

.123  Domestic  Filters 

.2  Chemical   Purification 

.21  Precipitation                                                                                         'r 

.22  Aeration 

.23  Ozone  Treatment 

.24  Copper  Sulphate  Treatment 

.29  Other  Methods 

.3  Electrical  Treatment 

.4  Bacterial  Purification 

.5  Water  Softening 

185  Distribution  of  Water 

.1  Aqueducts.      Conduits.      Canals 

.11  Water  Supply  Tunnels 

.12  Siphons 

.2  Pumping    Plants    (For    Pumping    Machinery,    See    251,    Pumps    and 

Pumpiiig  Engines,  under  Mechanical  Engi- 
neering) 

.3  Stand-pipes  and  Tanks 

.4  Mains  and  Services 

.41  Cast  Iron 
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185  Distribution  of  Water    (Cotitinued) 
.42  Steel 

.43  Concrete  and  Reinforced  Concrete 

.44  Wood 

.45  Clay 

.47  Other  Kinds  of  Mains 

.48  Coatings.     Water-proofing 

.49  Accessories.      Gates,    Valves,    etc. 

.5  Meters 

.6  Water  Waste 

186  Management 

.1    '  Maintenance                     • 

.2  Rates 

.3  Finance 

.4  Valuation 

.5  Accounting 

187  Rural  and  Isolated  Water  Supply 

188  Water  Supply  of  Individual  Places  (Arranged  by  Place) 

189  Irrigation.      Drainage.      Land  Reclamation 
.01  History 

.02  Laws  and  Legislation 

.03  Statistics 

.04  Costs  and  Estimates 

.05  Contracts   and   Specifications 

.06  Drawings 

.07  Congresses 

.08  Exhibitions 

.09  Tests.      Laboratories 

.1  Construction  of  Systems 

.11  Flumes  and  Conduits 

.12  Irrigation  Canals 

.2  Measurement  of  Irrigation  Water 

.21  Weirs 

.22  Modules 

.3  Management  and  Operation 

.31  Duty  of  Water 

.8  Drainage.     Land  Reclamation 

.81  Reclamation  of  Bogs,  Swamps,  Lakes,  etc. 

•9  Reports  and  Descriptions.      Irrigation  Projects   (Arranged  by  Place) 

190  Sanitation 

.01  History 

.02  Laws   and   Legislation 

.03  Statistics 

.04  Costs  and  Estimates 

.05  Cpntrpcts  and  Specifications 

.06  Drawings 

.07  Congresses 

.08  Exhibitions 

.09  Tests.      Laboratories 

191  Sewerage  (Put  here  General  Treatises  on  Sewerage) 
.01  History 

.02  Laws  and  Legislation 

.03  Statistics 

.04  Costs  and  Estimates 

.05  Contracts  and  Specifications 

.06  Drawings 

.07  Congresses 

.08  Exhibitions 

.09  Tests.     Laboratories 

.1  Sewerage    System.      Comparative    Schemes    of    Main    Drainage    for 

Various   Districts 

.11  Combined  System 

.12  Separate  Systems 

.121  Sanitary  Sewers 

.122  Storm-Water  Drains 

.13  Llernur    System 

.14  •  Shone  System 

.15  Other    Systems 

-16  Preliminary    Investigation.     Surveys.      Population 

.161  Topography 

Rainfall  and  Run-off  (See  161.2) 

.17  Economics.      Financing  Sewerage  Works 

.171  Methods   of   Accounting 

.172  Valuation.      Depreciation 

.2  Volume  of  Flow 

.21  Storm-Water 

.211  Run-off 
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191 


192 


.22 
.23 
.24 


.3 

.31 

.311 

.312 

.313 

.314 

.315 

.32 

.33 

.34 

.341 

.3411 

.342 

.343 

.3431 

.34311 

.3432 

.344 

.345 

.346 

.347 

.3471 

.348 

.349 

.4 

.41 

.42 

.5 

.51 

.52 

.53 

.54 

.55 

.551 

.56 

.561 

.57 

.571 

.572 

.573 

.58 

.59 

.591 

.592 

.6 

.61 


.62 
.63 
.64 
.65 

.7 

.71 

.72 

.73 

.8 

.9 

.02 
.1 


Sewerage   (Continued) 

Flooding  of  Property 

Snow  Removal  by  Sewer.s   (See  157.92) 
House  Sewage 
Trade  Wastes 
Ground- Water  Percolation 

Plow  of  Water  In  Pipes  and  Open  Channel.';   (See  162) 
Measuring  Devices   (See  162.1) 
Sewers.     Drains 

Shape  and  Size  of  Sewers 

Circular 

Horse-shoe.      Semi-Elllp'tlcal 

Egg-Shape 

Rectangular 

Other  Shapes 
Depth  and  Alignment 
Grades  and  Velocities 
Types  of  Sewers 

Vitrified  Tile  Pipe 
Vitrified  Block 

Cement  Pipe. 

Metal 

Steel  Pipe 

Mortar-Lined 
Cast  Iron 

Wood 

Brick 

Brick  and  Concrete 

Concrete 

Concrete  Block 

Reinforced   Concrete 

Other  Types 
Ventilation 

Openings  In  Streets 
Other  Openings 
Sewer  Appurtenances 
Junctions.     Bell-mouths 
Traps 

Manholes.     Lampholes 
Catch-Basins.      Inlets 
Flush-Tanks.      Flushing   Fixtures 

Automatic  Siphons 
Outfalls.      Outlets 

Sea  Outfalls 
Special  Valves.     Tide  Gates 

Regulators 

Overflows.      Interceptors 

Relief  Chambers 
House  Connections 
Other  Appurtenances 

Covers,    Frames,    Gratings.     Ladders,    Steps 

Sewage  Reservoirs.      Storage  Tanks 
Construction 


Excavation 
Excavating 


Machinery 


.2 
.21 
.22 
.3 


(Sec     89.32,     Ditching     and     Trenching 
Machinery,  under  Excavation) 
Timbering 

Pumping  and  Draining  Sewer  Trenches 
Foundations 

River,  Canal,  and  Railroad  Crossings 
Maintenance 

Cleaning.      Flushing 
Inspection 
Sewer  Explosions 
Pumping  Stations 

Reports  on  Sewerage  Systems  of  Individual  Places  (Aj-ranged  by  Place) 
Plumbing.     House  Drainage 
Laws  and  Regulations 
Plumbing  of  Special  Types  of  Buildings    (Arranged  as  In  117,  e.  g. 
.92    Churches ;    .31    Office    Buildings  ;    .95    Public    Comfort 
Stations,  etc.) 
Water  Supply 

Cold-Water  Supply 
Hot-Water  Supply 
House  Drainage 
Gas  Fittings    (See  600) 
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!  Sewage  Disposal 

.1  Sewage.      Sludge 

.11  Character  and  Composition 

.111  Domestic  Sewage 

.112  Storm-Water 

.113  Combined  Sewage 

.114  Trade  Wastes 

.119  Sludge 

.12  Methods  of  Analysis.      Sampling 

.19  Bacteria  in   Their   Relation   to    Sewage   Disposal 

.2  Dilution 

.21  In  Sea  Water 

.22  In   Other  Waters 

.23  Pollution  of  Waters  by  Sewage 

.231  Physical  Elxamination 

.232  Chemical  Analysis 

.233  Bacterial  Analysis 

.234  Standard  of  Cleanness 

.235  Effect  of  Pollution  on  Fish  and  Plant  Life 

.24  Pollution  of  Water  from  Other  Causes 

.3  Sewage  Treatment 

.31  Screening 

.311  Coarse  Screens 

.312  Fixed 

.313  Movable 

.314  Fine  Screens 

.315  Fixed. 

.316  Movable 

.32  Sedimentation   (Tanks  General) 

.321  Grit    Chambers.      Detritus    Tanks 

.322  Plain  Settling  Tanks 

.323  Horizontal-Flow  Tanks 

.324  Vertical-Flow  Tanks 

.325  Septic  Tanks 

.326  Two-Story  Tanks 

.3261  Travis  Tanks 

.3262  Emscher  or  Imhoff  Tanks 

.327  Separate  Sludge  Digestion  Tanks 

.328  Chemical  Precipitation 

.3281  Precipitation  Tanks 

.3282  Mixing  Apparatus 

.3283  Precipitation  by  Alum 

.3284  Precipitation  by  Lime 

.3285  Precipitation  by   Iron 

.3286  Precipitation  by  Other  Methods 

.329  Other  Methods 

.33  Aeration 

.34  Filtration 

.341  Strainers  or  Roughing  Filters 

.342  Intermittent  Sand  Filtration 

.343  Contact  Beds 

.344  Trickling  Filters 

■  345  Automatic  Dosing  Apparatus 

.35  Sludge  Disposal 

.351  Dumping  at  Sea 

.352  Air  Drying  and  Lagooning 

.353  Drying  by  Centrifuging  Machines 

.354  Draining  on  Beds 

.355  Pressing 

.356  Burying 

.357  Burning 

.359  Other  Methods 

.36  Sludge  Utilization 

.361  Fertilizer 

.362  Grease 

.363  Fuel 

.37  Irrigation 

.371  Sub-surface  Irrigation 

.372  Broad  Irrigation 

•  38  Sterilization  and  Disinfection 

.381  Electrolytic  Processes 

.4  Cess-pools 

.5  Pail  Systems 

.6  Disposal  for  Isolated  Plants 

.61  Camp  Sanitation 

.9  Reports  on   Sewage   Disposal   of  Special   Places 
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194  Refuse   Disposal 

.1  Garbage 

.2  Ashes.     Rubbish.     Street  Sweepings 

.3  Animals 

.4  Slaughter-House  and  Market  Refuse 

.5  Factory  and  Trade  Wastes 

.6  Incineration  Plants 

.7  Reduction  Plants 

197  Air  Pollution 
.1  Dust 

.2  Gases 

.3  Odors 

Smoke    (See  222.13) 

198  Industrial  and  Factory  Sanitation 

Plumbing  of  Factories   (See  192.18) 

199  Public   Health.     Vital  Statistics 
.1  Food  Regulations.      Ice.      Drugs 
.11  Milk  and  Milk  Products 

.12  Animal  and  Plant  Foods 

.13  Ice 

.14  Drugs 

Housing   Conditions    (See   117.42) 

.2  Fly  and  Mosquito  Suppression 

.3  Contagious  and  Infectious  Diseases 

.31  Epidemics 

.32  Quarantine 

.33  Disinfection 

Hospitals    (See  961    and   117.6) 

.4  Disposal    of   the    Dead 

.41  Undertaking  and  Embalming 

.42  Cremation 

.8  Registration.     Vital    Statistics 

.9  Boards   of  Health.     Reports 

.91  City 

.92  State 

.93  Government 

200  MECHANICAL  ENGINEERING 

General 

.01  History 

•02  Laws    and    Legislation 

.03  Statistics 

•04  Costs    and    Estimates 

•05  Contracts   and   Specifications 

.06  Drawings 

•07  Congresses 

.08  Exhibitions 

•09  Tests.      Laboratories 

201  Mechanics  of  Machines.     Strength  of  Materials 

202  Machine   Drawing 

203  Machine   Parts 

•1  Fastenings.      Bolts.      Rivets.      Screws 

•2  Axles 

•3  Cranks.     Cams 

•4  Springs 

.5  Bearings 

•6  Couplings 

•7  Shafting 

.9  Other   Parts 

204  Lubrication.     Friction 

205  Balancing  of  Engines 

209  Reports 

210  Power  Transmission.      Mill  Work 

211  Links  and  Link  Motion 

212  Gearing 

213  Belts  and  Pulleys 

214  Chain  Transmission 

220  Heat  Engineering 

221  Thermodynamics.     Theory  of  Heat  Engines 

222  Heat  Generation 
.1  Combustion 
.11  Chemistry 

•12  Temperatures.      Pyrometry 

•13  Smoke.      Smoke    Prevention 

.2  Fuel.      Production,  Analysis,   and  Use 
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222  Heat   Generation    (Continued) 
.21  Coal 

Coke    (See  671,   under  Gas   Engineering) 

.22  Wood 

.23  Charcoal 

.24  Pulverized    Fuel.     Briquettes 

.25  Liquid  Fuel 

.26  Gas   Fuel 

.29  Other   Fuels 

.3  Furnaces 

.31  Draft 

.32  Grates 

.33  Stokers 

.34  Ash-Burners 

.35  Ash  Disposal 

.4  Liquid    Fuel    Apparatus 

223  Steam  Engineering 

.1  Steam     (Properties,    etc.) 

.2  Steam   Boilers.      Design.      Construction 

223.21  Water    Supply.      Corrosion     (For    Water    Softening.     See     184.5, 

under    Purification    of    Water) 

.211  Feed-Water   Heaters 

.22  Details  and  Parts 

.221  Rivets.      Stays 

.222  Tubes 

.23  Boiler  Accessories 

.231  Superheaters                                                                                .                ,  ^ 

.24  Types   (For  Locomotive  Boilers,  See  135.22,  under  Rolling  Stock) 

.241  Fire-Tube  Boilers 

.242  Water-Tube  Boilers 

.243  Stationary    Boilers 

.244  Marine  Boilers 

.25  Operation    and   Economy 

.26  Explosions.     Accidents 

.261  Boiler  Inspection 

.3  Steam   Engines 

.31  Details   and   Parts 

.311  Valves  and  Valve  Gears 

.312  Cylinders 

.313  Governors 

.314  Fly-Wheels 

.315  Indicators 

.32  Steam  Turbines 

.33  Types    (Not  Classed  Elsewhere) 

.331  Steam   Turbines 

.332  Traction  Engines 

.333  Stationary  Engines 

.334  Portable  Engines 

.335  Rotary  Engines 

.336  Marine  Engines 

.4  Steam  Power  and  Boiler  Plants 

.41  Piping 

.42  Condensers 

.43  Cooling  Towers  and  Ponds 

224  Oas  and  Oil  Engines.     Internal  Combustion   Engines 
.1  Details    and    Parts 

.11  Ignition 

.12  Carburetion 

.13  Governors 

.14  Valves  and  Valve  Gears 

.2  Types 

.21  Gas    Engines 

.22  Oil   Engines 

.23  Gasoline   Engines 

.24  Alcohol   Engines 

.3  Gas   Power  Plants 

225  Compressed  Air 

226  Refrigeration 

227  Heating  and  Ventilation 
230  Automobiles 

240  Aeronautics 

250  Hydraulic  Machinery.    (For     general     theory     of     Hydraulics,     See     160, 

Hydrology.  Hydraulics.  Dams.  For  Water 
Wheels  and  Turbines,  See  181.26,  under 
Water   Power) 

251  Pumps   and  Pumping  Engines     (See    also    432,    Mine   Pumps) 

252  Hydraulic  Presses 
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253  Hydraulic  Rams 

Hydraulic  Lifts.     Elevators.     Cranes   (Sec  260) 

260  Machinery  for  Special  Purposes 

261  Hoisting  and  Conveying  Machinery 
■  1  Cranes   and    Derricks 

.2  Cableways 

.3  Ccal    Handling 

.4  Ore    Handling 

262  Elevators 

263  Agricultural   Machinery 

264  Drying  Machinery 

270  Machine  Shops   and   Machine   Shop   Practice 

271  Machine  Shop  Management 

272  Machine   Tools 

.1  Planing   Machines 

.2  Grinding  and   Filing 

.3  Cutting  and  Sawing 

•4  Turning   and    Milling.     Lathes 

.5  Drills 

.6  Punching    and    Shearing 

.7  Bending.      Straightening.      Shaping 

280  Miscellaneous.      Types  of  Power 

281  Animal   Power 

282  Solar  Engines 

283  Wind    Power 
.1  Windmills 

300  ELECTRICAL    ENGINEERING 

General 

.01  History                                                                                                        '   ' 

•02  Laws   and   Legislation 

.03  Statistics                                                                                                    ; - 

•04  Costs    and    Estimates                                                                            '  "• 

•05  Contracts    and    Specifications 

.06  Drawings 

.07  Congresses 

.08  Exhibitions 

.09  Tests.      Laboratories 

306  Induction    Coll 

308  Economics 
.1  Rates 

.2  Valuation 

.3  Contracting 

309  Electric  Utilities.      Reports   of   Companies  V 

310  Electric   Measurement 

311  Units   and   Standards 

312  Meters 

.1  Ammeter 

.2  Voltmeter 

.3  Ohmmeter 

.4  Watt-meter 

.5  Coulometer 

.6  Potentiometer 

.7  Galvanometer 

.8  Wheatstone    Bridge.      Slide-Wire   Bridge 

.9  Other  Meters 

313  Current    Measurement 

314  Power  Measurement 

315  Resistance    Measurement 

316  Potential    Measurement 

317  Capacity   Measurement 

318  Inductance  Measurement 

319  Other   Measurements 

320  Dynamo-Electric    Machinery.     Transformers.     Central    Stations 
.1  Armature  and  Field  Windings 

321  Electric   Plants.      Central   Stations.    (For    Hydro-Electric    Plants,    See 

181,    under    Water    Power) 

.1  Steam    Driven 

.2  Gas    Driven 

.3  Oil    Driven 

.4  Operation    and    Management 

.41  Maintenance 

.42  Rates 

.43  Finance 

.44  Valuation 

.45  Accounting 
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322  Direct   Currents   and   Machines 

.1  Generators                                                                                                           '■  ; 

.2  Motors                                                                                                                  '  •• 

.3  Dynamotors 

.4  Direct-Current     Boosters 

323  Alternating   Currents   and   Macliines 
.1  Synchronous  Machines 

.11  Generators 

.12.  Motors 

.13  Converters    (Rotary    Converters) 

.2  Asynchronous   Machines.      Induction    Machines 

.21  Induction   Generators 

.211  Single-Phase 

.212  Three-Phase 

.22  Induction    Motors 

.221  Single-Phase 

.222  Polyphase 

.3  Motor-Converters 

.4  Alternating-Current  Commutator  Motors 

.41  Series    Motors 

.42  Repulsion  Motors 

324  Double^Current  Generators 

325  Motor  Generators 

326  Rectifying   Apparatus 

327  Stationary  Induction  Apparatus                                                                   ;.'' 
.1  Transformers                                                                                  ;>                  Ov.L 
.2  Auto-Transformers.      Compensators                                                              ■" 
.3  Potential   Regulators 

.4  Reactors   or   Reactance   Coils 

328  Electrostatic    Apparatus 
.1  Condensers 

330  Control    Devices.      Switches    and    Switch=boards 

331  Switches 

332  Switch'boards.     Panels 

333  Controllers.     Rheostats 

338  Wireless  Control 

339  Protective   Devices 
.1  Fuses 

.2  Circuit   Breakers 

.3  Reactances 

.4  Lightning  Protection                                     . 

340  Transmission.      Distribution 

341  Systems.      Line    Phenomena 
.1  Direct   Current 

.2  Alternating  Current 

342  Transmission    Materials 
.1  Wire 

.2  Cables 

.3  Insulators 

343  Overhead   Lines 

.1  Design    of    Overhead    Lines.      Catenary.      Stresses.     Wind    Pressure 

.2  Poles 

.3  Towers 

.4  Accessories.      Cross-Arms.      Pins 

344  Underground   Lines  U 

345  Electric    Wiring 

350  Telephone 

351  Line  Transmission 

352  Systems 

353  Instruments 
.1  Transmitter 
.2  Receiver 

354  Switch-boards  and  Other  Station   Equipment 

357  Wireless   Telephony 

358  Operation.     Rates 

359  Telephone   Companies.      Reports 

360  Telegraph 

361  Line  Transmission 

362  Instruments 

363  Systems.      Codes 
.1  Morse 

.2  Hughes 

.3  Simplex 

.4  Multiplex 

364  Printing  Telegraphy 

365  Picture  Telegraphy 
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366  Submarine  Cable  Telegraphy 

367  Wireless  Telegraphy 

368  Operation.      Rates 

369  Companies.     Reports 

370  Electric   Lighting 

371  Illumination 
.1  iBterior 

.2  Exterior.      Streets,    Parks,    etc. 

372  Electric  Lamps 
.1  Arc   Lamps 
.11  Carbon 

.12  Mineralized 

.13  Vapor 

2  Incandescent  Filament  Lamps 

.21  Carbon  and  Carbon  Metallized 

.22  Metal 

.23  Other 

373  Electric  Light  Plants  for  Country   Houses,  etc. 

374  Special  Uses  of  Electric  Light 
.1  Searchlights 

.2  Signs 

380  Chemical  Electricity.     Batteries 

381  Primary   Cells 

382  Storage   Batteries.     Accumulators 

383  Lead   Accumulators 

390  Other  Uses  of  Electricity 

391  Industrial 

.1  Electric   Drive 

Elevators,    Cranes    (See   260,   under  Mechanical    Engineering) 

392  Domestic 

393  Therapeutic 

394  Agricultural 

Mining    (See   470,   under   Mining   Engineering) 

400  MINING  ENGINEERING 

General 

.01  History 

.02  Laws  and  Legislation 

.03  Statistics 

.04  Costs  and  Estimates 

.05  Contracts   and    Specifications 

.06  Drawings 

.07  Congresses 

.08  Exhibitions 

.09  Tests.      Laboratories 

408  Economics.     Mine  Accounting 

409  Organization  and  Administration 
.1  Mine    Labor 

.2  Reports    of   Mine    Departments    and    Inspectors 

410  Prospecting.     Mine   Surveying 

411  Prospecting 

.1  Divining  Rod 

412  Mine  Surveying 

413  Mine  Models 

414  Sampling 

415  Valuation 

416  Prospectuses 

420  Excavation  and  Working 

421  Open  Working 
.1  Placer  Mining 

.11  Working   with    Pan 

.12  Sluicing 

.13  Hydraulic    Mining 

.14  Dredging 

422  Drilling.     Blasting 
.1  Explosives 

423  Quarrying 

424  Boring 

425  Shaft  Sinking 
.1  Shaft  Lining 

426  Tunneling  and  Drifting 

427  Stoping 

428  Timbering   and    Mine    Supports.      Masonry    Lining 

430  Drainage  and  Sanitation 

431  Mine  Waters 
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432  Mine  Pumps 

433  Mine    Dams 

434  Sanitation 

440  Transportation.      Haulage  and  Hoisting 

441  Underground  Haulage 

442  Mine  Locomotives 

443  Hoisting 

.1  Hoisting   Engines 

.2  Cages.      Skips.      Buckets 

444  Surface  Transportation 

445  Storage       (See    also    117.52,    Coal    Storage    Plants,    under    Building 

Construction) 

450  Ventilation 

451  Mine  Gases.      Fire-damp. 

460  Lighting.     Signaling 

461  Safety  Lamps 

462  Signals  and  Signallne 
470  Electricity  in  Mining 

480  Accidents.      Safety  Measures  and  First   Aid 

481  Explosives 

.1  Dust    Explosions 

482  Mine  Fires 

483  Safety    Regulations 

484  Mine    Rescue    Work.      First    Aid 

490  Mining  of  Special   Kinds   of  Ore 

491  Coal   Mining 

492  Copper  Mining 

493  Gold   and    Silver   Mining 

494  Iron  Mining 

495  Lead    Mining 

496  Petroleum   Mining 

497  Tin  Mining 

498  Zinc  Mining 

499  Miscellaneous     (Arranged    Alphabetically    by   Metal,    e.    g..   Antimony, 

Cadmium,   Cobalt,  etc.) 

500  METALLURGY 

General 

.01  History 

.02  Laws   and   Legislation 

.03  Statistics 

.04  Costs   and   Estimates 

.05  Contracts    and    Specifications 

.06  Drawings 

.07  Congresses 

.08  Exhibitions 

.09  Tests.      Laboratories 

501  Physics  and  Chemistry  of  Metals.     Metallography 

502  Alloys 

503  Ore  Dressing.      Milling  of  Ore     (See   also   under   each   Metal) 
.1  Crushing,   Grinding    etc. 

.2  Concentration.      Sizing.      Sorting 

.21  Flotation 

.3  Amalgamation 

.4  Cyanide   Process 

504  Pyro-metallurgy     (General) 

.1  Fuel    (See  also   222.2,   Fuel,    under  Mechanical   Engineering) 

.2  Refractory    Materials 

.3  Furnaces 

.4  Gases 

.5  Smelting 

505  Hydro=metallurgy      (General) 

506  Electro-metallurgy      (General) 

508  Economics.     Trade 

509  Reports 

510  Iron   and   Steel 

.1  Physics   and   Chemistry.      Metallography 

.2  Alloys 

511  Ore  Dressing 
513  Pyro-metallurgy 

.1  Pig    Iron    Manufacture 

.3  Cementation    Process 

.4  Crucible    Process 

.5  Bessemer    Process 

.6  Open-Hearth    Process 
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514  Electro-metallurgy 

515  Foundries   and   Foundry   Practice 

516  Meclianical   Treatment   of   Iron   and   Steel 

.1  Forging 

.2  Rolling   Mills 

517  Heat  Treatment  of  Iron  and  Steel 
.1  Improper  Heating  of  Steel 

.11  Welding 

.2  Hardening 

.21  Case    Hardening 

518  Economics.     Iron  and   Steel   Trade 

519  Descriptions   and   Reports   of  Iron   and  Steel    Works 

520  Gold  and  Silver 

.1  Physics   and   Chemistry 

.2  Alloys 

521  Ore  Dressing.     Milling  of  Ore 
.1  Crushing.      Grinding 

.2  Flotation 

.3  Concentration.      Sizing.      Sorting 

.4  Amalgamation 

.5  Cyanide   Process 

522  Roasting 

523  Hydro-metallurgy 

524  Electro-metallurgy 

528  Economics.     Trade 

529  Reports 

530  Copper 

.1  Physics   and  Chemistry.      Metallography 

.2  Alloys 

531  Ore  Dressing 

.1  Crushing.      Grinding 

.2  Flotation 

.3  Concentration.      Sizing.      Sorting 

.4  Amalgamation 

.5  Cyanide    Process 

532  Pyro-metallurgy 
.1  Roasting 

.2  Smelting 

.3  Bessemer    Process 

532  Hydro-metallurgy 

533  Electro-metallurgy 

538  Economics.      Copper  Trade 

539  Reports 

540  Lead 
550  Tin 
560  Zinc 

580  Other  Metals     (Arranged  Alphabetically). 

590  Assaying 


600  GAS  ENGINEERING 

General 

.01  History 

.02  Laws  and   Legislation 

.03  Statistics 

.04  Costs    and    Estimates 

.05  Contracts  and  Specifications 

.06  Drawings 

.07  Congresses 

.08  Exhibitions 

.09  Tests.     Labdratorles 

610  Natural  Gas 

611  Fields 

612  Production 
.1  Wells 

613  Transmission 

.1  Pumping  Plants 

.2  Pipe  Lines    (For  Local  Distribution,  See  660) 

620  Materials  for  Gas  Manufacture 

630  Manufacture   and   Works 

631  Coal   Gas 

.1  Purification 

632  Water  Gas 

.1  Purification 

633  Producer  Gas 

634  Coke  Oven  Gas 
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635 

Oil   Gas 

636 

Acetylene 

637 

Air  Gas 

639 

Other  Processes 

640 

Storage 

641 

Station  Meters 

642 

Holders 

643 

Analysis  and  Testing 

650 

Distribution 

651 

Station  Governors 

652 

Pressure  Instruments  and  Apparatus 

653 

Pumping  Plants 

654 

Flow  in  Pipes 

655 

Street  Mains 

.1 

Valves 

Subways 

656" 

Service  Pipes 

657 

Interior  Piping  and  Fittings 

.1 

Regulators 

.2 

Consumers'    Meters 

.\J 

Piping 

660 

Utilization 

661 

Gas  Lighting 

.1 

Illumination 

.11 

Interior 

.12 

Exterior.      Streets.      Parks,  etc. 

.2 

Gas  Lamps 

.21 

Burners 

.22 

Incandescent    Fixtures 

662 

Gas  Heating 

670 

By  Products 

671 

Coke 

672 

Tar 

673 

Ammonia 

674 

Sulphur 

675 

Cyanogen 

676 

Naphthalene 

677 

Benzol 

679 

Other  Products 

680 

Management 

.1 

Maintenance 

.2 

Rates 

.3 

Finance 

.4 

Valuation 

.5 

Accounting 

700  CHEMICAL  TECHNOLOGY  AND  MANUFACTURES 

General 

.01  History 

.02  Laws  and  Legislation 

.03  Statistics 

.04  Costs    and    Estimates 

.05  Contracts    and   Specifications 

.06  Drawings 

.07  Congresses 

.08  Exhibitions 

.09  Tests.     Laboratories 

710  Chemicals.     Dyes.      Paints  and  Varnishes 

711  Chemicals 

.1  Chemical    Elements 

.2  Acids 

.21  Nitric  Acid 

.211  Utilization    of    Atmospheric    Nitrogen 

.22  Sulphuric   Acid 

.3  Alkalies 

.4  Salts      (For   Common   Table   Salt,    See   785,    Salt,    under   Foods   and 
Beverages) 

712  Paint,  Varnish,  etc. 

713  Dyes.     Colors.      Inks 

714  Distillation  Products 
.1  Wood  Distillation 

.2  Coal  Distillation    (See  Gas   Engineering) 

715  Explosives.     Matches      (Sec  also  831,  Explosives,  under  Military  and 

Naval   Science) 

716  Starch,  Glucose,  Gluten,  etc. 
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717  Photographers'  Supplies 

719  Miscellaneous  Organic  Chemical  Industries 

.1  Vegetable  and   Animal   Oils 

.2  Soap,   Perfumery,  etc. 

.3  Glycerine 

.4  Candles 

.5  Waxes 

.6  Gums  and   Resins 

.7  Glue  and  Gelatine 

.8  Fertilizers 

720  Ceramics.     Stone,  Clay,  and  Glass.     Other  Non-Metallic  Mineral  Products. 

721  Ceramics 
.1  Pottery 

.2  Stoneware.      China 

.3  Sanitary    Ware 

.4  Electrical   Porcelain 

.5  Brick 

.6  Terra  Cotta 

.9  Other    Clay    Products 

722  Glass  Manufacture 

723  Cement,  Lime,  and  Gypsum 

724  Stone  Products.     Artificial  Stone 

725  Abrasives 

726  Asphalt  and  Other  Bitumens 

727  Petroleum 

.1  Lubricants     (See    also    204,     Lubrication,     under    Mechanical    En- 
gineering) 

729  Miscellaneous  Non-Metallic  Mineral  Products 
.1  Asbestos 

730  Metal   Manufactures.     Machinery.     Conveyances 

731  Gold  and  Silver  Ware.     Jewelry 

732  Iron  and  Steel  Articles       (Not    Classified    Elsewhere) 

733  Wire  Making 

734  Hardware,  Cutlery,  and  Tools 

735  Implements.     Instruments      (Not    Classified    Elsewhere) 
.1  Typewriters 

.2  Cash  Registers 

.3  Scales 

.4  Meters 

.5  W^atches  and   Clocks 

736  ■  Machinery.      (Not   Classified   Elsewhere) 

737  Locksmithing.     GunsmithIng 

738  Vehicles.     Conveyances 

.1  Carriages,    Wagons,    and   Sleighs 

Automobiles  and  Motor  Trucks    (See  230) 

.2  Bicycles 

Manufactures    of    Miscellaneous    Metals     (Arranged    Alphabetically, 

e.  g..  Aluminum,  Bronze, 
Copper,    Tin,    etc.) 

740  Lumbering.     Wood  Manufactures 

741  Logging.      Lumbering 

742  Wood   Working.     Saw  Mills 

743  Furniture 

.1  House  Furniture 

.2  Office  Furniture 

.3  Pianos  and  Musical  Instruments 

.4  Mirrors 

744  Cooperage 

745  Box  Making 

746  Caskets.     Undertakers'  Supplies 

747  Pulp  and  Fiber  Goods 
.1  Mats.      Baskets 

.2  Brooms 

.3  Brushes 

748  Cork  Industries 

749  Miscellaneous  Wooden  Articles 

750  Paper  Making 

760  Textiles 

.1  Design 

.2  Processes 

.21  Spinning 

.22  Weaving 

.23  Dyeing  and  Finishing 

.3  Machinery 

761  Cotton  Manufactures 

762  Woolen  Manufactures 
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763  Silk  Manufactures 

764  Flax,  Hemp,  and  Jute 

765  Dry  Goods 

766  Carpets  and   Rugs 

767  Felt 

768  Cordage  and  Twine 

769  Oil  Cloth.     Window  Shades 

770  Leather  Manufactures.     Tanning 

771  Boots  and  Shoes 

772  Harnesses.     Saddlery 

773  Trunks.     Traveling  Goods 

774  Fur 

779  Miscellaneous  Leather  Goods 

780  Foods  and  Beverages 

781  Flour,  Feed,  and  Other  Cereal  Products 

782  Sugar  and  Molasses 

783  Canning  Industries 

784  Chocolate  and  Cocoa 

785  Salt 

786  Groceries      (Not    Otherwise   Classified). 

787  Slaughtering.     Meat  Packing 

788  Dairy  Products 

.1  Milk  and  Cream 

.2  Butter 

.3  Cheese 

.4  Ice   Cream 

.5  Casein 

789  Wines  and  Liquors 

.1  Brewing    and    Malting.      Beer 

.2  Wine  Making 

.3  Distilled    Liquors 

790  Miscellaneous  Industries    (Arranged     Alphabetically,      e.     g.,     Celluloid 

Products,     Laundering,     Rubber,     Tobacco) 

800  MILITARY    AND   NAVAL    SCIENCE 

General 

.01  History 

.02  Laws 

.03  Statistics 

,04  Costs   and   Estimates 

.05  Contracts  and   Specifications 

.06  Drawings 

.07  Congresses 

.09  Tests.      Laboratories 

810  Military  Science,  General  Works 

811  Strategy  and  Tactics 

812  Army  Organization  and  Administration 
820  Fortifications 

830  Ordnance   (Military  and  Naval) 

831  Explpsives 

832  Military  Ordnance 

833  Naval  Ordnance 

840  Naval  Architecture.      Shipbuilding. 
.1  Buoyancy  and  Displacement 

.2  Resistance 

.3  Stability 

.4  Strength  of  Ships 

.5  Structural    Details 

.51  Water-tight  Compartments 

.6  Ventilation   and  Heating 

.8  Measurement  of   Ships 

.9  Miscellaneous  Equipment  of  Ships 

.91  Steering  Apparatus 

.92  Distillation   of   Salt  Water 

841  Materials 

842  Ship   Propulsion.     Propellers 
.1  Steam 

.2  Electric 

843  Special  Types  of  Vessels    (See  also   870,   War  Vessels,    under   Naval 

Science) 

.1  Ocean  Liners 

.2  River  and   Lake  Boats 

.3  Vessels    for   Freight   only 

.31  Oil  Steamers.     Tank  Ships 

.32  Colliers 

.33  Ore    Ships 
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843 

Special  Types  of  Vessels    iContitmed) 

.4 

Canal  Boats.     Barges 

.5 

Tugboats 

.6 

Motor  Boats  and  Launches 

.7 

Yachts.      Pleasure   Boats 

.8 

Survey  Boats 

.9 

Other   Types 

850 

Yards 

851 

Dry   Docks 

860 

Navigation.      Sliipping 

861 

Nautical  Astronomy 

862 

Nautical   Instruments 

.1 

Compass 

.11 

Magnetism   of   Ships    and    Compass    Variation 

863 

Seamanship 

864 

Aids  to  Navigation 

.1 

Tide   Tables 

.2 

Charts 

.3 

Sailing    Directions 

.4 

Steam  Lanes 

.5 

Signals   and  other  Maritime    Regulations.      Prevention   o 

f   Collisions 

.51 

Signals 

.511 

Lighthouses 

.512 

Light   Ships 

.513 

Buoys 

.514 

Fog   Horns 

.52 

Marking  of   Ships 

.53 

Flags    and    Pennants 

.54 

Steering    and    Sailing    Rules 

.55 

Loading    Rules 

.6 

Pilotage  and  Pilots 

865 

Shipwrecks.     Accidents 

.1 

Life   Saving 

.2 

Salvage 

866 

Shipping.      Merchant  JMarine 

.1 

Directories,  Blue  Books,  etc. 

.2 

Companies 

.3 

Rates 

.4 

Tolls 

.5 

Accounts 

.9 

Inspection 

870 

Naval  Science.      War  Vessels 

871 

Battle  Ships  and  Cruisers 

872 

Torpedo  Boats 

873 

Torpedoes 

874 

Submarines 

875 

Armor  Plate 

876 

Armament 

880 

NaVal  Strategy  and  Tactics 

890 

Naval  Organization  and  Administration 

891 

Registers. 

892 

Navy  Customs.      Rank  of  Officers 

893 

Personnel 

.1 

Naval  Militia 

.2 

Marines 

894 

Education 

895 

Maintenance  and  Supplies 

896 

Hygiene 

900  OTHER  SUBJECTS 

«.^  i^'.°K^-    ^."''    subdivisions,    use    Dewey    Classification. 

910  Philosophy 

920  Religion 

930  Sociology 

940  Philology 

950  Natural  Science 

960  Useful  Arts      (Other  than  Engineering  and  Manufactures) 

V70  Fine  Arts 

980  Literature 

990  Historv 
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APPENDIX    C 


AMENDMENTS    TO    THE    CONSTITUTION,    AMERICAN    SOCIETY    OF    CIVIL. 
ENGINEERS,   ADOPTED,    1891-1917. 


Oct.    3,  1894 

Art.  II, 

i  Proceedings, 

Sec.  1,  2. 

Vol.  XX, 

Art.  Ill, 

p.  176.) 

Sec.  6,  7. 

Art.  IV. 

Sec.  1,  2, 

3,  7. 

Art.  II, 

Sec.  8. 

Abolishes  Grade  of  "Subscribers." 


Corporate  Members  may  become  Fellows. 
Previous  to  this  time  the  grade  of  Fellows 
was  limited  to  "contributors  to  the  perma- 
nent funds  of  the  Society  who  may  not  be 
eligible  for  admission  as  Corporate  Mem- 
bers." 


Yes, 
No, 


Yes, 
No, 


194 
5 


196 
3 


Art.  Ill,  Honorary  Members  "shall  be  elected  only  by 

Sec.  1.  the  unanimous  "vote  of  the  Board  of  Direc- 

tion" instead  of  "by  a  unanimous  vote  of 
the  Board  of  Direction  and  such  Past- 
Presidents  of  the  Society  as  continue  to  be 
members  of  the  Society",  etc.,  the  Past- 
Presidents  having  become  members  of  the 
Board  of  Direction  on  the  adoption  of  the 
Constitution. 


Ye?, 

No, 


196 
5 


Art.  Ill,  Applicants     for     membership     must     be     en-      Yes, 

Sec.  2.  dorsed  by  written  communications  from  five     No, 

Corporate  Members  before  applications  can 
be   considered   by   the  Board   of   Direction. 


193 
7 


Mar.   S.  ]895 
{Proceedings. 
Vol.  XXI, 
p.  85.) 

Art.  Ill, 
Sec.  3. 

Art.  Ill, 
Sec.  5. 

Art.  VII, 

Art.  VI,  This    Amendment    provided    that    the    Secre-     Yes, 

Sec.  4.  tary  be  a  Corporate  Member  of  the  Society     No, 

and  be  elected  annually  by  the  majority  of 
the  whole  Board  of  Direction  within  twenty 
days  after  the  Annual  Meeting. 

This    Amendment    required    the    Preliminary     Yes, 
List  of  applicants  to  contain  the  names  of     No, 
"references"    for    Corporate    Members    and 
"endorsers"    for    Associates,    Juniors,    and 
Fellows,  in  order  to  make  the  meaning  in 
Section  2  of  this  Article  clearer. 

This  Amendment  required  that  ballots  on  Yes, 
reconsideration  of  rejected  applications  for  No, 
membership  must  be  signed  by  the  voters. 


Yes 
No, 


191 
6 


265 
14 


224 
61 


273 
12 


The  territory  occupied  by  the  Membership 
was  divided  into  Seven  Geographical  Dis- 
tricts, thus  dividing  the  non-resident  mem- 
bers of  the  Board  of  Direction  equally 
among  the  six  non-resident  Districts.  This 
amendment  increased  the  elective  members 
of  the  Nominating  Committee  from  seven  to 
fourteen,  who,  with  the  five  living  Past- 
Presidents,  should  nominate  officers  for  the 
Society ;  made  the  term  of  each  member 
two  years  ;  and  empowered  the  Board  of 
Direction  to  prescribe  the  mode  of  pro- 
cedure in  the  election  of  members  of  the 
Nominating  Committee. 

Art.  VI,  This    Amendment    provided    for    the    appoint-      Yes,     273 

Sec.  5.  ment    of    an    Assistant    Secretary    by    the     No,  7 

Board  of  Direction. 
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Oct.    6,  1897 
(Proceedings, 
Vol.  XXIII, 
p.  164.) 


Oct.    5.  1898 
(Proceedings, 
Vol.  XXIV, 
pp.  121,  167.) 


Oct.     3,  1900 
(Proceedings, 
Vol.  XXVI, 
p.  216.) 


Mar.   4,  1903 
(Proceedings, 
Vol.  XXIX, 
pp.  36,  100.) 

Oct.    7,  1903 
(Proceedings, 
Vol.  XXIX, 
pp.  195,  374.) 


Oct.     7,  1908 
(Proceedinas, 
Vol.  XXXIV, 
p.  408.) 


Mar.  1,  1911 
(Proceedinas, 
Vol.  XXXVII, 
p.  164.) 


Art.  V, 
Sec.  1. 


Art.  VI. 


Art  VII, 
Sec.  2. 


Art.  Ill, 
Sec.  2,  3. 


Art.  II, 
Sec.  6,  7, 


Art.  III. 


Art.  Ill, 
Sec.  1,  3,  4. 


Art.  VI, 
Sec.  12. 


Art.  VII, 
Sec.  2. 


Art.  IV, 


This  Amendment  provided  that  only  the  "five  Yes, 
latest  living  Past-Presidents  who  continue  No, 
to  be  members"  shall  be  members  of  the 
Board  of  Direction,  instead  of  "all  the  liv- 
ing Past-Presidents",  as  previously  pro- 
vided. In  the  case  of  the  election  of 
Honorary  Members,  however,  all  the  Past- 
Presidents  shall  be  members  of  the  Board 
of  Direction. 

The  office  of  Auditor  was  abolished  and  his  Yes, 
duties  were  transferred  to  the  Secretary  ;  No, 
provision  was  made  for  auditing  the  ac- 
counts of  the  Society  monthly,  and  the 
duties  of  the  Finance  Committee  were 
widened,  in  order  that  the  immediate  su- 
pervision of  the  financial  affairs  of  the 
Society  might  be  put  into  the  hands  of  such 
Committee. 

The  time  of  appointing  the  Nominating  Yes, 
Committee  was  changed  from  the  Annual  No, 
Convention  to  the  Annual  Meeting,  and  the 
time  was  fixed  for  the  meeting  of  such 
Committee  and  its  presentation  to  the 
Board  of  Direction  of  the  nominations  for 
officers  to  be  elected  at  the  next  Annual 
Meeting. 

This  Amendment  provided  that  hereafter  the  Yes, 
Board  of  Direction  shall  classify  the  No, 
applicant   with   his   consent. 


By  this  Amendment  provision  was  made  for 
the  omission  of  the  clause,  in  the  case  of 
application  for  Junior  membership,  stat- 
ing that  the  applicant  intends  to  become 
or  continue  to  be  an  engineer. 

By  this  Amendment  all  applications  are  to  be 
sent  out  as  applications  for  "admission" 
to  the  Society  without  classification  into 
grades  ;  power  is  given  the  Board  of  Direc- 
tion to  transfer  persons  from  a  lower  to  a 
higher  grade;  the  number  of  negative  votes 
for  exclusion  is  raised  from  seven  to 
twenty ;  and  the  reconsideration  ballot 
(pink  ballot)   is  abolished.  J 

The  election  and  transfer  of  applicants  In 
any  grade  is  taken  from  the  membership  at 
large  and  given  to  the  Board  of  Direction, 
the  consequent  changes  in  method  of  elec- 
tion are  fixed,  and  the  number  of  negative 
votes  for  exclusion  is  changed  from  "20 
or  more"  to  "3  or  more". 

This  Amendment  confers  on  the  Board  of  "I 
Direction  the  power  of  appointing  a 
Special  Committee  when  such  appointment 
is  approved  by  a  business  meeting  of  the 
Society  ;  and,  if  it  is  necessary,  in  the  opin- 
ion of  the  Board,  that  such  Committee  be 
appointed  in  order  to  accomplish  the  ob- 
jects for  which  its  appointment  is  re- 
quested. 

Power  is  given  the  Board  of  Direction  to 
fill  any  vacancies  occurring  In  the  Nom- 
inating Committee.  J 

A  new  Section  (13)  is  added  to  Article  IV 
by  this  Amendment,  which  provides  for  ex- 
emption from  dues  of  Corporate  Members 
and  Associates  who  have  reached  the  age  of 
seventy  years,  and  have  paid  dues  as  such 
for  twenty-five  years,  and  also  of  Corpo- 
rate Members  and  Associates  who  have 
paid  dues  as  such  for  thirty-five  years. 


427 
47 


210 

1 


193 
53 


401 
26 


Yes, 
No, 


Yes. 
No. 


537 
49 


892 
317 


Yes, 
No, 


Yes, 

No, 


1123 
58 


2229 
39 
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Oct.    2,  1912       Art.  VII,  By  this  Amendment  the  number  constituting 

(Proceedings,  a  quorum  at  a  meeting  of  the  Nominating 

Vol.  XXXVIII,  Committee    is    fixed    at    ten  ;    the    time    of 

p.  550.)  meeting   of   the   Nominating   Committee   is 

fixed  to  take  place  either  at  the  Annual 
Convention  or  not  later  than  July  15  ; 
provision  is  made  for  the  organization  of 
the  Nominating  Committee ;  "Official 
Nominees"  and  "Nomination  by  Declara- 
tion" are  established  ;  nomination  by  the 
Board  of  Direction  Is  provided  for,  in  case 
the  Nominating  Committee  fails  to  act ; 
and  the  time  of  closing  the  polls  at  the 
Annual  Election  Is  changed  from  noon  to 
9  A.  M. 


Yes, 
No, 


680 
31 


Mar.   3,  1915 
(Proceedings, 
Vol.  XLI, 
p.  150.) 


Art.  VII, 
Sec.  1. 


Art.  VII, 
Sec.  2. 


The    territory    occupied    by   the   membership  1 
is   divided   into   Thirteen   Districts   instead 
of  seven,  as  heretofore. 


This  Amendment  provides  for  the  method  of 
electing  the  Nominating  Committee  from 
thirteen  districts  instead  of  seven. 


Ye?,  1066 
No,        83 


AMENDMENTS   TO   CONSTITUTION,    AM.    SOC.   C.   E. 
REJECTED,  1891-1917. 

Mar.   6,  1901        Art.  II,  It  was  proposed  by  this  Amendment   to   add 

(Proceedings,       Sec.  5.  a  clause  to  Section  5,   Article  II   In  order 

Vol.  XXVII,  to  allow  the  Board  of  Direction  to  transfer 

pp.  38,  82.)  any    Junior   elected   prior   to   the   adoption 

of   the   Constitution   in   1891   to   the  grade 

of  Associate. 


Yes, 
No, 


282 
166 


Mar.  5,  1902 
(Proceedings, 
Vol.  XXVIII, 
pp.  35,  98.) 

Mar.  6,  1907 
(Proceedings, 
Vol.  XXXIII, 
pp.  71,  152.) 


Mar.   3,  1909 
(Proceedings, 
Vol.  XXXV, 
p.  160.) 


Art.  Ill, 


Art.  II, 


Art.  Ill, 
Sec.  2. 


Art.  Ill, 
Sec.  4. 


This  Amendment,  If  adopted,  would  have  Yes,  343 
placed  the  election  of  all  members  in  the  No,  257 
hands  of  the  Board  of  Direction. 


It  was  proposed  by  this  Amendment  to  raise  1 
the  standard  of  membership  in  the  Society 
by  raising  the  qualifications  for  admission 
to  the  various  grades. 


Yes, 
No, 


This  Amendment  related  to  applications  of 
engineers  not  resident  in  North  America 
and  provided  that  the  applicant  must  pos- 
sess the  necessary  qualifications  for  mem- 
bership before  he  is  recommended  for  elec- 
tion to  the  Society.  J 

This  Amendment  provided  that  negative  Yes, 
votes  equal  to  1%,  or  the  whole  number  No, 
nearest  to  1%,  of  the  total  Corporate  Mem- 
bership at  the  time  of  voting  shall  exclude 
from  membership.  This  Amendment  was 
nullified  by  the  Amendment  adopted  on 
Oct.  7th,  1908,  and  was,  therefore,  de- 
feated. 


429 
847 


247 
762 


Mar.   4,  1914        Art.  VII,  (A)    By    this    Amendment,    It    was    proposed     Yes, 

(Proceedings,      Sec.  1,  2.  to    divide    the    territory    occupied    by    the     No, 

Vol.  XL,  membership     into    Thirteen    Districts ;     it 

p.  176.)  also  provided  for  the  procedure  in  appoint- 

ing the  Nominating  Committee  from  such 
Districts  at  the  Annual  Meeting. 


1494 
1628 


Art.  VII,  (B)      This     Amendment     also     provided     for 

dividing  the  territory  occupied  by  the  mem- 
bership into  Thirteen  Districts  and  the 
method  of  procedure  of  electing  the  Nomi- 
nating Committee  by  ballot  to  be  counted 
by  the  Board  of  Direction  and  announced 
to  the  Annual  Meeting. 


Yes, 
No, 


1550 
1612 
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Art.  V,  (C)    By  this  Amendment,  it  was  proposed  to  1 

Sec.  1,  2.  change  the  status  of  the  Secretary  by  re-  I 

moving  him  as  a  member  of  the  Board  of  \ 

Direction.      It    also    defined    the    terms    oi  j 

oflBcers  elected  by  the  Society. 

I   yes,  1343 
Art.  VI,  The  changes  proposed  in  this  Amendment  re-  (  No,   1828 

Sec.  4,  6.  late  to  the  method  of  electing  the  Secretary 

by  the  Board  of  Direction  and  would  have  { 
given  the  Board  of  Direction  power  to  de    j 
termine    the    salaries    to    be    paid    to    tht, 
Secretary  and  Treasurer.  J 
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MEMOIES  OF  DECEASED  MEMBEKS 


DON  JUAN  WHITTEMORE,  Past-President.  Am.  Soc.  C.  E.^ 


Died  July  16th,  1916. 


Within  the  lifetime  of  Don  Juan  Whittemore  the  Engineering 
Profession  progressed  from  an  unrecognized  and  unorganized  state  to 
the  first  rank  among  those  now  established  as  learned  professions.  At 
the  time  of  his  birth  there  were  but  few  broad-minded  men  who 
realized  the  necessity  for  increasing  the  facilities  for  transportation 
and  industrial  prodi;ction  in  America  or  who  had  visions  of  the  advan- 
tages to  be  derived  through  improvements  in  machinery  and  trans- 
portation. Some  of  these  few  became  our  first  civil  engineers.  They  . 
had  foresight  and  natural  ability,  courage  and  perseverance,  and  were 
inspired  by  patriotism  and  ambition.  At  the  date  of  his  birth,  engi- 
neering was  not  a  known  profession.  Those  who  practised  it  and 
became  its  founders  in  America  were  usually  self-educated  and  skilled 
in  some  form  of  manual  work,  and  their  knowledge  was  further  increased 
through  acquaintance  with  each  other's  efforts.  It  was  a  year  before  his 
birth  that  civil  engineering  was  first  taught  in  a  school,  and  it  was  not 
until  he  was  twenty-two  years  of  age  that  the  first  organization  of 
American  engineers  was  established.  This  organization,  of  which 
Mr.  Whittemore  was  later  a  most  distinguished  member,  is  the  Amer- 
ican Society  of  Civil  Engineers. 

Being  actively  engaged  in  engineering  work  for  more  than  sixty 
years  from  1847,  and  a  close  observer,  Mr.  Whittemore  became  a  potent 
factor  in  bringing  the  Profession  of  Civil  Engineering  to  its  present 
position  of  importance  and  usefulness.  He  was  pre-eminently  a  rail- 
road engineer,  engaged  in  railroad  surveys,  construction,  and  main- 
tenance, and  as  such  did  his  full  share,  for  a  longer  period  than  is 
granted  most  engineers,  in  the  development  of  internal  transportation. 
This  is  a  sufficient  field  of  effort  for  any  one  man,  and  though  it 
occupied  his  practical  activity,  it  should  be  recorded  that  he  was  always 
a  discriminating  student  and  a  patient  investigator,  and  attained  an 
unusual  store  of  knowledge  of  a  wide  range  of  engineering. 

A  memoir  of  Mr.  Whitteraore's  life  and  work  would  be  of  historical 
and  professional  value  if  it  could  be  written  fully  and  correctly.  Unfor- 
tunately for  this  record,  it  is  found  that  his  peers,  who  could  have 
supplied  the  data   for   such   a  memoir,  have  preceded  him  into  that 

*  Memoir  prepared  by  Charles  F.  Loweth.  M.  Am.  Soe.  C.  E.,  and  Onward  Bates, 
Past-President,  Am  Snc.  C.  E.,  for  the  American  Society  of  Civil  Engineers  and  the 
Western  Society  of  Engineers. 
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country  which  is  obscured  from  our  vision,  and  it  is  left  to  the  com- 
pilers to  enter  such  fragmentary  accounts  as  are  now  available,  and 
to  supplement  thean  from  memory,  which  does  not  reach  backward  to 
the  early  part  of  his  working  life. 

A  brief  summary  of  his  career,  dictated  by  himself  in  1909  for 
family  record,  and  not  revised  nor  intended  for  publication,  is  intro- 
duced here,  for  the  reason  that  his  own  words,  uttered  without  restraint, 
will  be  esteemed  of  more  value  than  those  of  another  giving  the  same 
information : 

"I  was  born  in  Milton,  Vermont,  at  a  little  hamlet  called  Checker- 
berry  Green,  December  6th,  1830. 

"Parents:  Father,  Albert  Gallatin  Whittemore,  Lawyer;  Mother, 
Abby  Clark  Whittemore. 

"My  first  school  teachers  were  Sarah  and  Lovisa  Wright  (two 
giants  in  height,  and  mentally  strong).  Afterward  one  'Nerrit',  an 
Irishman  and  a  famous  instructor,  followed  by  one  Johnson,  a  collegian, 
and  Dr.  F.  B.  Hathaway,  also  a  superior  teacher.  At  about  fourteen 
years  of  age  my  father  placed  me  in  school  in  St.  Albans  under  the 
tuition  of  Friar  Lawrence,  so-called.  I  also  spent  a  short  term  in 
Georgia  School.    At  St.  Albans  boarded  at  John  Burgess'. 

"I  then  went  to  Bakersfield,  where  there  was  a  celebrated  school 
and  teachers,  the  principal  being  Jacob  Spaulding,  a  famous  teacher. 
I  remained  there  some  time. 

"Great  credit  is  due  my  father  for  his  home  instruction,  he  being 
a  natural  student,  linguist,  lawyer,  and  surveyor.  He  took  great  pains 
in  the  education,  morals,  and  habits  of  his  children.  As  I  showed  a 
fondness  for  mathematics  and  mechanics  he  secured  me  a  position  as 
surveyor  on  the  Vermont  Canada  R.  R.  (in  last  of  1847),  extending 
from  Essex  Jtmction  to  Rouse's  Point,  under  Phaon  Jarrett  (a  Ger- 
man), Division  Engineer,  the  President  of  the  road  being  Henry  Camp- 
bell, of  Pennsylvania,  at  that  time  called  'Old  Whitey',  being  only 
forty  years  of  age  and  white-haired. 

"During  this  time  the  first  trestle  bridge  ever  built  for  railroads 
was  erected  on  Missiquoi  Bay  between  Alburg  and  Swanton,  also  a  pon- 
toon bridge  at  Rouse's  Point  in  1849-50.  Was  Division  Engineer  at  this 
time. 

"In  1851  went  on  to  the  Great  Western  Railroad,  Niagara  Falls  to 
Windsor,  with  position  as  Resident  Engineer. 

"In  1852,  my  father  being  anxious  to  have  me  engage  with  the 
Ohio  Central,  he  with  others  under  the  firm  name  of  Bradley,  Whitte- 
more, Thos.  Chittenden  and  Co.,  I  decided  to  visit  him  and  see  what 
the  prospects  of  employment  were,  and  whether  it  was  best  to  go. 
November  10th,  1852,  the  next  day  after  my  arrival,  while  I  and  my 
father  were  examining  public  works  of  Zanesville,  by  a  fearful  accident 
my  father  was  deprived  of  his  life,  and  I  barely  escaped  the  same  fate. 

"After  his  death  and  removal  to  the  old  home  in  Milton,  Vermont, 
I  returned  to  Ohio,  after  going  back  to  the  Great  Western  to  close  my 
engagement  there,  and  engaged  with  the  Ohio  Central  Road  leading 
from  Wheeling,  Virginia,  to  Columbus — over  one  hundred  miles.     My 


^kr^ioQ 
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position  there  was  contractor's  engineer,  representing  the  estate  of  my 
father,  the  Company  then  being  John  Bradley,  l^orman  L.  Whittemore, 
and  Thomas  Chittenden.  I  remained  there  from  November  to  July, 
1853. 

"This  Company  took  a  contract  from  Milwaukee  to  Portage  City, 
now  a  part  of  the  La  Crosse  Division  of  the  Chicago,  Milwaukee  and 
St.  Paul  Railway,  and  I  was  then  appointed  assistant  to  the  Chief 
Engineer,  Byron  Kilbourn,  which  position  I  occupied  until  1857,  when 
I  left  and  engaged  with  the  same  company  on  the  La  Crosse  and  Mil- 
waukee Railroad.  Road  failed,  but  company  paid  the  debts — unable 
to  go  on. 

"From  1857  to  1859  was  Chief  Engineer  of  the  Southern  Minnesota 
Railroad,  running  all  over  the  State.  This  Company  failed  in  1860, 
and  I  went  home  in  the  spring. 

"Li  December,  1860,  went  to  Cuba  and  engaged  on  the  Ferro  Carril 
del  Oeste,  under  Chief  Julio  Lagbien,  as  Asst.  Chief.  Road  extended 
from  Havana  to  Pinar  del  Rio,  western  portion  of  the  island.  Returned 
to  Vermont  in  April,  1861. 

"Was  married  in  Albany,  New  York  (Brother  Clark  being  present)  ; 
afterward  went  back  west  and  became  assistant  to  the  Chief  Engineer, 
W.  R.  Sill,  of  the  La  Crosse  and  Milwaukee  until  1863.  Soon  the 
Chicago,  Milwaukee  and  St.  Paul  was  organized,  when  I  was  appointed 
Chief  Engineer;  the  first  President  being  Alexander  Mitchell.  Held 
this  position  forty-six  years,  Russell  Sage,  Vice-President  part  of  the 
term.    Second  President,  Roswell  Miller;  third  President,  A.  J.  Earling. 

"I  conducted  examinations  through  all  the  passes  through  the  Rocky 
Mountains.  About  three  hundred  men,  forty  engineers.  My  present 
work — extension  of  the  line  to  the  Pacific  Coast — the  most  important 
of  all. 

"On  the  St.  Paul  Road,  east  of  Butte,  Montana,  are  one  hundred 
and  seven  miles  of  bridges,  twelve  tunnels,  the  longest  one  and  one- 
half  miles.  My  part  of  the  work  extends  from  the  Missouri  River 
to  Butte,  Montana,  under  the  name  of  the  Chicago,  Milwaukee  and 
Puget  Sound  Railroad.  I  now  have  charge  of  about  nine  thousand 
miles  of  railroad. 

"In  1884  was  chosen  President  of  the  American  Society  of  Civil 
Engineers. 

"In  1889  went  to  England  to  attend  C.  E.  Convention  as  Past- 
President.  Convention  was  held  in  London  in  Guildhall,  a  place  where 
no  other  association  had  held  exercises  for  two  hundred  years.  Re- 
sponded to  the  toast:  "^The  Civi^  Engineers'.  Met  Tyndall,*  the 
scientist,  and  many  other  notables,  among  whom  was  Sir  William 
Armstrong,  inventor  of  the  Armstrong  gun. 

"After  the  convention,  traveled  with  my  wife,  son  Eugene,  and 
daughter  Fannie,  through  Switzerland,  Germany,  Brussels,  France, 
and  England. 

♦  Note  by  Mr.  Whittemore's  brother  :  "A  pleasant  feature  of  the  first  trip  abroad 
was  the  meeting  with  Professor  Tyndall.  He  gave  Don  an  invitation  to  bring  his 
family  to  a  luncheon  at  his  home,  which  was  served  in  a  small  room  or  hut  among 
the  heather,  which  he  and  his  wife  occupied  while  building  their  house.  Opposite  was 
Mrs.  Humphrey  Ward,  also  near  by  was  Tennyson's  home.  When  they  arrived  he 
greeted  them  very  cordially,  even  throwing  his  arms  about  Don,  saying,  'This  is  my 
friend  Whittemore.' — A.  G.  W." 
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"Second  trip  abroad  was  made  in  1903  with  my  wife  and  niece 
Regia,  and  visited  Italy,  Switzerland,  France,  and  England. 

"On  the  50th  year  of  service  on  the  St.  Paul  Railroad,  to  commemo- 
rate the  event,  I  was,  by  order  of  the  President,  given  a  private  car 
trip  to  Mexico  and  California  with  everything  furnished,  to  which  1 
invited  my  wife,  and  my  brother's  wife,  son,  and  daughter.  A  very 
enjoyable  trip  without  serious  accident."  "D.  J.  W." 

For  about  fifty  years  Mr.  Whittemore  resided  in  Milwaukee,  Wis., 
and  in  a  "History  of  Milwaukee  from  its  First  Settlement  to  the  Year 
1895"  there  is  found  an  account  of  his  work  and  personality,  written 
about  1896,  as  follows: 

"Don  J.  Whittemore. — In  Volume  XXI  of  the  Transactions  of  the 
American  Society  of  Civil  Engineers,  published  some  years  since,  Mr. 
Whittemore  introduced  the  discussion  of  an  important  subject  with 
this  unique  and  strikingly  original  utterance:  'The  Scrap  Heap — -that 
inarticulate  witness  of  our  blunders,  and  the  sepulchre  of  our  blasted 
hopes;  the  best,  but  most  humiliating  legacy  we  are  forced  to  leave 
to  our  successors — has  always,  to  me,  been  brimful  of  instruction.'  The 
keen  analysis  of  man's  mental  processes  can  hardly  fail  to  discover 
in  this  utterance  of  one  of  the  most  famous  of  living  civil  engineers 
one  of  the  secrets  of  his  success.  While  looking  forward  he  has  not 
forgotten  to  look  backward.  While  planning  for  the  future  he  has 
not  been  unmindful  of  the  past.  Delving  into  the  'scrap  heap',  he  has 
uncovered  mistakes  to  avoid  the  repetition  of  them,  has  brought  to 
light  blunders  which  he  caused  to  be  set  up  as  guide  boards  pointing  out 
the  way  not  to  go  thereafter,  and  has  garnered  gems  of  wisdom  to 
crown  future  efforts.  Out  of  the  ashes  of  failure  he  has  evolved  the 
phoenix  of  success,  and,  in  overhauling  the  debris  of  the  scrap  heap, 
it  has  been  a  matter  of  little  consequence  to  him  whether  the  errors 
exposed  to  view  have  been  his  own  or  those  of  some  one  else,  so  long 
as  experience  had  demonstrated  that  they  were  errors.  Blind  dogmatism 
has  had  no  place  in  his  philosophy,  and  progress  has  been  the  rule 
of  his  life. 

"To  write  of  Don  J.  Whittemore  all  that  might  properly  be  written 
of  him  in  this  connection,  would  be  to  write  an  important  chapter  in 
the  history  of  western  railway  construction  and  development.  But 
the  present  purpose  of  the  writer  is  rather  to  deal  with  the  personality 
of  the  man  who  has  attained  a  celebrity  unequalled  by  that  of  any 
other  man  identified  in  a  similar  capacity  with  western  railway  enter- 
prises. 

"Born  in  Milton,  Vt,  December  6th,  1830,  Mr.  Whittemore  is  a 
descendant,  seven  generations  removed,  of  Thomas  Whittemore,  who 
was  one  of  the  earliest  settlers  of  Charlestcwn,  Mass.  Thomas  Wliitte- 
more  came  to  this  coimtry  from  Hitchin,  an  ancient  market  town  in 
Hertfordshire,  near  London,  about  the  year  1640,  and  settled  in  that 
part  of  Maiden  which  is  now  Everett,  Mass.  In  1645  he  was  the  owner 
of  a  farm  on  the  western  border  of  Chelsea,  which  remained  in  the 
possession  of  his  descendants  until  1845,  a  period  of  two  hundred 
years.  Albert  Gallatin  Whittemore  married  Abby  Clark,  also  of 
English  ancestry,   and  Don   J.  Whittemore  was  the  second  son  born 
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of  this  union.  The  elder  Whittemore  was  a  noted  lawyer  of  Milton, 
Vt.,  participated  as  a  volunteer  in  the  battle  of  Plattsburg  in  1814,  was 
distinguished  locally  as  a  fluent  and  impressive  public  speaker  and 
linguist,  and  a  thorough  mathematician.  The  son  received  his  early 
education  under  the  preceptorship  of  his  father,  in  whom  he  had  a 
most  competent  teacher,  and  later  attended  for  a  time  Bakersfield 
Academy.  Leaving  school  when  he  was  seventeen  years  of  age,  he 
became  connected  with  the  engineering  corps  of  the  Vermont  and 
Canada  Railroad  Company,  and  his  proficiency  in  the  science  of 
civil  engineering,  even  at  that  early  age,  is  attested  by  the  fact  that 
when  he  was  nineteen  years  old  he  was  appointed  Assistant  Engineer 
of  this  company,  having  charge  of  construction  of  the  line  between 
Swanton,  Vt.,  and  Rouse's  Point,  N.  Y.  Having  completed  this  work, 
he  was  appointed  Assistant  Engineer  and  placed  in  charge  of  con- 
struction of  a  division  of  the  Great  Western  Railway  of  Canada.  He 
retained  that  position  until  1852,  when  the  sudden  death  of  his 
father  brought  about  a  change  of  his  relations.  The  elder  Whitte- 
more was  at  that  time  largely  interested  in  the  building  of 
the  Central  Ohio  Railway,  between  Zanesville,  Ohio,  and  Wheeling, 
Va.  He  was  accidentally  killed  while  inspecting  the  superstructure 
of  a  bridge  across  the  Muskingum  River  at  Zanesville,  and  the  respon- 
sibility of  looking  after  his  interests  devolved  upon  the  son,  who  hap- 
pened to  be  paying  him  a  visit  at  the  time  of  his  death.  Resigning  his 
position  with  the  Great  Western  Railway  Company,  D.  J.  Whittemore 
became  contractor's  engineer  on  the  Central  Ohio  Railroad,  and  re- 
tained that  position  while  giving  attention  to  the  adjustment  of  his 
father's  affairs. 

"In  this  way  he  became  interested  in  what  was  looked  upon  in 
those  days  as  Western  railway  building,  and  in  1853  was  transferred 
to  the  field  of  his  future  activity  and  enterprise  in  the  Northwest. 
He  was  appointed  that  year  assistant  to  the  Chief  Engineer  of  the 
La  Crosse  and  Milwaukee  Railroad  Company,  then  in  process  of  con- 
struction. At  the  end  of  four  years  in  this  service  he  resigned  his 
position  with  the  La  Crosse  and  Milwaukee  Road  to  become  Chief 
Engineer  and  Director  of  the  Southern  Minnesota  Railroad  Company, 
locating  about  two  hundred  and  fifty  miles  of  that  Company's  line 
within  the  next  two  years.  In  1859  work  upon  that  line  of  railway 
was  suspended,  and,  broken  in  health  by  the  hardships  which  he  had 
endured  in  traversing  a  country  then  in  a  condition  of  primitive  wilder- 
ness, Mr.  Whittemore  went  to  Cuba,  where  he  accepted  the  position 
of  Assistant  Chief  Engineer  on  the  Ferro  Carril  del  Oeste  (Western 
Railroad  of  Cuba)  with  which  he  was  connected  nearly  a  year. 

"Returning  to  Wisconsin  in  1860,  he  again  became  Assistant  Chief 
Engineer  of  the  La  Crosse  and  Milwaukee  Railroad  Company,  con- 
tinuing his  connection  with  that  company  until  1864,  when  its  line 
was  merged  into  the  Chicago,  Milwaukee  and  St.  Paul  Railway  System. 
With  this  great  corporation,  which  now  owns  and  operates  over  six 
thousand  miles  of  railway,  he  entered  upon  a  term  of  service,  as  Chief 
Engineer,  which  has  extended  over  a  period  of  forty  years,  during 
which  time  the  company  has  developed  one  of  the  great  railway  systems 
of  the  world. 
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"In  the  midst  of  his  exacting  railway  duties  he  has  found  time 
not  only  for  general  scientific  research,  but  for  special  pursuits  which 
have  led  up  to  important  developments. 

"In  1874,  or  possibly  a  little  before  that  time,  his  attention  was 
called  to  the  hydraulic  features  of  the  rock  deposits  underlying  a 
portion  of  this  city  [Milwaukee].  He  began  a  series  of  experiments 
which  developed  the  fact  that  a  first-class  hydraulic  cement  could  be 
made  from  the  rock.  The  result  was  the  formation  of  the  Milwaukee 
Hydraulic  Cement  Company,  in  which  he  became  interested  as  a  share- 
holder, and  the  establishment  of  a  plant  which  now  sends  to  the  market 
upward  of  500  000  barrels  of  cement  every  year.  For  many  years 
he  was  a  director  of  this  company,  but  in  1891  he  resigned  this  direc- 
torship to  become  Vice-President  of  the  Western  Portland  Cement  Com- 
pany of  Yankton,  S.  Dak.,  an  enterprise  of  which  he  was  also  one  of  the 
founders. 

"In  1884  he  was  honored  by  the  American  Society  of  Civil  Engi- 
neers with  the  Presidency  of  that  Society,  and  the  University  of 
Vermont,  his  native  State,  has  conferred  upon  him  the  degree  of  Civil 
Engineer;  while  the  University  of  Wisconsin,  his  adopted  State,  has 
recognized  his  scientific  attainments  by  conferring  upon  him  the 
degree  of  Doctor  of  Philosophy.  In  the  American  Society  of  Civil 
Engineers  he  has  wielded  an  important  influence  for  many  years,  while 
he  has  also  been  conspicuously  identified  with  the  American  Society 
of  Mechanical  Engineers,  the  Western  Society  of  Engineers,  and 
honored  with  a  membership,  in  the  Institution  of  Civil  Engineers  of 
England. 

"In  1889,  when  a  delegation  of  abovit  two  hundred  and  fifty  of  the 
civil,  mechanical,  and  mining  engineers  of  America  visited  England, 
France,  and  Germany,  Mr.  Whittemore  was  made  honorary  chairman 
of  the  delegation,  and  was  the  recipient  of  distinguished  honors  at 
the  hands  of  the  engineers  and  scientists  of  the  Old  World.  Among 
the  pronounced  scientists  with  whom  he  became  intimately  acquainted 
on  that  occasion  was  Professor  Tyndall,  and  a  friendship  sprang  up 
between  the  two  men  which  resulted  in  a  correspondence  kept  up 
until  Professor  Tyndall  died.  As  Vice-Chairman  of  the  General  Com- 
mittee of  the  World's  Congress  Auxiliary  to  the  Columbia  Exposition, 
having  in  charge  the  conduct  of  the  World's  Congress  of  Engineers, 
held  at  Chicago  in  1893,  Mr.  Wliittemore  had  an  opportunity  to  re- 
ciprocate the  courtesies  extended  to  him  some  years  earlier  while 
abroad,  and  he  was  a  prominent  participant  in  the  deliberations  of 
that  famous  gathering  of  engineers.  A  pleasing  and  ready  writer, 
he  has  been  a  frequent  contributor  to  the  published  transactions  of 
the  American  Society  of  Civil  Engineers,  and  now  and  then  engaged 
to  some  extent  in  the  discussion  of  important  engineering  problems 
through  the  newspaper  press." 

Among  Mr.  Whittemore's  chief  characteristics  was  an  unusually 
retentive  memory.  He  has  been  accused  of  remembering  the  exact 
location  of  every  slope  stake  placed  by  him  in  the  early  part  of  his 
career,  when  he  was  an  instrument  man.  This,  of  course,  is  an  exag- 
geration, but  that  quality  of  his  mind  is  shoAvn  by  the  following  item 
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from  the  Burlington  Free  Press  and  Times  of  April  29th,  1887,  printed 
forty  years  after  the  occurrence  described: 

'Vermont  and  Canada  Eoad 

"Where  its  Construction  Was  First  Begun — 

"An  Interesting  Letter. 

"We  are  permitted  to  copy  the  following  from  a  letter  written  by 
D.  J.  Whittemore,  Chief  Engineer  of  the  Chicago,  Milwaukee  and  St. 
Paul  to  his  brother,  A.  G.  Whittemore,  of  this  city. 

"  'I  notice  in  Rann's  history  of  Chittenden  County,  page  191,  it 
is  stated  that  the  work  of  constructing  the  Vermont  and  Canada 
railroad  was  begun  early  in  September,  1848,  in  the  northern  part  of 
Georgia.  If  the  author  means  to  convey  the  impression  that  work 
was  first  begun  there  I  feel  sure  that  he  is  in  error.  The  first  ground 
broken  in  the  construction  of  that  line  was  at  near  the  north  end  of 
the  Y  at  Essex  Junction.  There  were  present  at  this  ceremony  Charles 
Paine,  President;  H.  R.  Campbell,  Chief  Engineer;  Phaon  Jarrett. 
Assistant      Chief      Engineer;      Ambrose     Pierson,      First     Assistant 

Engineer;    — ■   Bushnell,    Second   Assistant   Engineer;    D.    J. 

Whittemore,  Rodman,  and  several  citizens  of  Essex.  After  a  few 
impressive  remarks  on  the  importance  of  the  work  by  President  Paine, 
he  loaded  one  barrow  with  earth  and  wheeled  it  into  embankment. 
Each  of  the  others  in  the  order  named  did  the  same,  after  which  all 
adjourned  to  the  office  near  by  and  drank  a  bottle  of  champagne.  The 
shovel  and  wheelbarrow  used  were  appropriately  inscribed  with  the 
names  of  all  the  actors,  in  Capt.  Jarrett's  best  style  of  lettering,  and 
I  believe  were  sent  to  Northfield  and  presume  were  burned  in  the 
conflagration  which  destroyed  the  Vermont  Central  buildings  three 
years  afterward.  It  may  be  that  I  am  now  the  only  one  living  who 
participated  in  this  event.  This  is  of  very  little  importance,  anyway, 
except  to  correct  the  impression  conveyed  in  the  work  referred  to.'  " 

In  Mr.  Whittemore's  service  of  more  than  half  a  century  with  the 
Chicago,  Milwaukee,  and  St.  Paul  Railway,  he  encountered  almost 
every  problem  of  railway  engineering,  and  was  able  to  collaborate  with 
those  who  had  made  particular  study  of  special  problems  and  to  learn 
and  apply  the  knowledge  acquired  by  their  intensive  experience,  to 
their  mutual  satisfaction.  This  was  especially  the  case  in  the  matter 
of  bridges,  when,  with  the  aid  of  such  men  as  C.  Shaler  Smith,  Moritz 
Lassig,  Members,  Am.  Soc.  C.  E.,  and  others,  the  structures  over  the 
rivers  crossed  by  his  lines  were  of  such  character  as  to  make  them 
noted  examples  of  correct  and  bold  construction.  A  few  such  bridges 
may  be  mentioned  here,  for  the  reason  that  they  were  constructed  at 
early  dates,  when  long-span  bridges  were  rare,  and  builders  were  feeling 
their  way  toward  present  achievements.  Kilbourne  Bridge,  over  the 
Wisconsin  River,  a  wooden  Howe  truss  structure  with  a  principal  span 
of  242  ft.,  carrying  a  highway  on  its  lower  chords  and  a  railway  on 
its  upper  deck,   served  its  purpose  and  was  replaced   in  1887  by   an 
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iron  structure,  which  in  turn  was  replaced  by  a  steel  bridge  a  few 
years  ago.  Moritz  Lassig  was  the  builder  of  the  wooden  bridge, 
C.  Shaler  Smith  of  the  iron  bridge,  and  the  steel  bridge  was  built  by 
the  Railway  Company  some  years  ago. 

Sabula  Bridge,  an  iron  structure  over  the  Mississippi  River,  was 
built  by  C.  Shaler  Smith  about  1879.  This  bridge  was  at  that  date 
considered  one  of  the  best  examples  of  such  construction,  and  it  was 
selected  by  Professor  Malverd  A.  Howe,  M.  Am.  See.  C.  E.,  as  an 
example  for  use  in  university  instruction,'  and  was  made  by  him  the 
subject  of  a  textbook.  This  bridge  was  examined  by  experts,  a  few 
years  ago,  who  pronounced  it  of  excellent  design  and  well  maintained, 
but  was  recommended  for  replacement  to  provide  for  increased  live 
loads  from  modern  rolling  stock.  This  recommendation  has  since 
been  put  into  effect. 

Minnehaha  Bridge,  another  iron  structure  built  by  Mr.  Smith, 
over  the  Mississippi  River  at  Fort  Snelling,  Minn.,  finished  in  1880, 
was  a  deck  bridge,  with  a  central  span  of  324  ft.,  two  flanking  spans 
of  270  ft.  each,  and  some  approach  spans,  with  a  height  of  108  ft. 
from  high  water  to  base  of  rail.  It  was  similar  in  design  to  Mr. 
Smith's  cantilever  bridge  over  the  Kentucky  River,  which  preceded  it, 
and  was  considered  a  distinct  advance  in  bridge  construction,  attracting 
favorable  comment  from  bridge  engineers.  The  Minnehaha  Bridge 
was  replaced  in  1901  by  a  double-track  steel  bridge. 

These  bridges,  though  not  comparable  in  size  with  the  great  ones 
of  recent  years,  are  worthy  of  record  as  advancements  in  the  art  of 
bridge  engineering  as  it  was  thirty  and  more  years  ago.  Mr.  Whitte- 
more's  specifications  for  iron  bridges,  written  in  collaboration  with 
the  bridge  engineers  of  those  days,  were  classics  in  their  line,  leading 
the  art  of  the  time  in  form,  completeness,  and  correctness  of  theory 
and  design. 

Mention  has  already  been  made  of  Mr.  Whittemore's  connection 
with  a  pontoon  bridge  at  Rouse's  Point  in  1849-50,  when  he  was 
scarcely  more  than  a  boy.  It  is  not  strange,  therefore,  that  when, 
some  years  later,  it  was  necessary  to  cross  the  "Father  of  Waters"  at 
Prairie  du  Chien,  he  accepted  the  proposal  of  the  Hon.  Thomas  Lawler 
of  that  city  to  cross  both  channels  of  the  river  with  pontoons.  For 
more  than  forty  years  these  bridges,  with  large  openings  for  navigation, 
have  been  maintained  safely  and  economically,  and  have  been  copied 
at  other  locations. 

In  Mr.  Whittemore's  practice  he  had  great  experience  with  general 
railway  contractors,  and  employed  many  of  the  most  notable  of  them. 
Nearly  all  these  men  whose  aid  he  secured  are  now  dead.  If  they 
were  living,  material  for  this  memoir  could  be  gathered  from  them 
which  would  fill  a  volume  of  value  to  the  Profession.     He  commanded 
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the  respect  of  such  aids,  and  it  is  a  notable  fact  that  final  settlements 
of  contracts,  with  remarkably  few  exceptions,  were  made  to  the  satis- 
faction of  both  parties,  who  accepted  his  rulings  as  just  and  fair.  This 
fact,  which  will  be  appreciated  by  engineers  of  experience,  was  so 
well  known  that  it  was  frequently  commented  on. 

The  diversity  of  work  coming  under  his  supervision  was  so  great 
and  the  period  of  his  office  was  so  long  that  it  is  impossible  to  bring 
the  details  of  it  within  the  scope  of  this  memoir.  Mention  should  be 
made,  however,  of  the  careful  and  complete  work  which  he  did  with 
his  own  hands.  Specifications  and  bills  of  material  made  out  in  his 
own  handwriting,  which  have  been  seen  by  the  compilers  of  this 
memoir,  are  so  plain  and  yet  so  complete  that  there  is  no  question 
raised  as  to  their  exact  meaning. 

Mr.  Whittemore  was  more  than  a  railway  engineer.  He  was  a 
student  and  investigator  in  many  lines  and  fields,  with  a  rare  mind 
capable  of  seeing  through  to  the  end,  and  he  employed  his  facilities 
in  his  leisure  moments  on  a  multiplicity  of  interests.  Those  who  were 
with  him  at  such  times  would  be  surprised  at  the  questions  he  would 
ask  and  at  the  diversity  of  their  character,  and  would  be  instructed 
by  his  sage  remarks  covering  a  wide  range  of  knowledge.  He  was  on 
such  occasions  a  source  of  instruction  and  an  inspiration  for  younger 
men.  On  business  trips  over  the  lines  of  his  company,  while  not  in 
the  least  neglecting  the  work  immediately  in  hand,  he  would  give 
his  assistants  problems  which  had  no  immediate  relation  to  present 
work  but  were  tests  of  their  knowledge  and  of  their  capacity  for  con- 
sidering new  questions.  This  seemed  to  be  a  lifetime  habit  in  educat- 
ing himself,  and  one  having  close  relations  with  him  would  observe 
with  surprise  the  lines  of  study  to  which  he  applied  himself,  because 
they  were  foreign  to  the  ordinary  routine  of  his  business.  He  carried 
with  him  this  habit  of  study  and  reflection,  and  friends  visiting  him 
in  his  quiet  hours  would  find  him  absorbed  in  Isaac  Newton's  "Prin- 
cipia",  or  in  some  abstruse  problems  more  or  less  remotely  connected 
with  those  encountered  in  his  usual  practice. 

He  possessed  an  analytical  mind,  with  a  natural  talent  for  research, 
and  in  the  pursuit  of  knowledge  he  made  in  a  quiet  way  valuable  con- 
tributions to  practical  science.  It  was  characteristic  of  him  to  be 
thorough  in  analysis  and  in  experimentation,  and  always  interested  in 
the  subject  under  consideration.  Mention  has  already  been  made  of 
his  interest  in  the  production  of  hydraulic  cements  and  his  successful 
establishment  of  that  industry  in  the  City  of  Milwaukee.  This  was 
followed  by  similar  work  resulting  in  the  successful  commercial  manu- 
facture of  Portland  cement  at  Yankton,  S.  Dak.,  at  a  time  when  Port- 
land cements  were  nearly  all  imported  and  none  was  made  west  of  the 
Alleghenies.  It  is  not  possible  to  place  a  tangible  value  on  his  work 
as  a  cement  investigator,  but  that  it  was  of  very  great  value  in  the 
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development  of  a  large  section  of  our  country  is  evident  when  consid- 
ered in  its  relation  to  the  magnitude  of  the  cement  industry  of  the 
present  time. 

He  gave  much  attention  to  the  production  of  aluminum  at  a  period 
antedating  its  manufacture  on  a  commercial  scale,  and  though  suc- 
cessful in  extracting  it,  did  not  reach  the  achievement  obtained  by 
the  method  at  present  in  use. 

His  investigations  covered  a  wide  range  of  subjects,  and,  as  might 
have  been  expected,  some  of  his  work  resulted  more  in  personal  satis- 
faction than  in  practical  value.  An  instance  of  this  is  found  in  the 
"Equilibristat"  invented  by  him,  being  an  instrument  to  be  mounted 
in  a  railway  car  to  indicate  whether  the  super-elevation  of  the  outer 
rail  on  curves  is  proper  for  the  speed  of  the  car  passing  over  it.  He 
exhibited  an  equilibristat  and  read  a  paper  on  it  before  the  Western 
Society  of  Engineers. 

Mr.  Whittemore's  loyalty  to  the  railway  of  which  he  was  Chief 
Engineer  led  him  to  consider  the  interest  of  his  employer  as  his  first 
and  principal  duty,  and  under  that  obligation  he  found  little  time  to 
devote  to  personal  interests  outside  of  those  i>ertaining  to  his  office. 
Mention  has  been  made  herein  of  his  interests  in  Milwaukee  and 
Yankton  cements,  and  a  large  user  of  both  of  these  cements  testifies 
that  he  was  unable  to  get  Mr.  Whittemore  to  recommend  either  of 
them,  even  when  the  question  was  pressed  for  an  answer.  As  a  con- 
sequence of  this  policy  he  did  not  participate  to  any  great  extent  in 
employment  as  a  consulting  engineer,  and  not  at  all  without  the 
approval  of  his  superior  officers.  He  might  have  done  more  of  such 
work  without  detriment  to  his  employer  and  to  the  advantage  of  the 
Profession  if  he  had  not  had  so  scrupulous  a  regard  for  his  fixed  obli- 
gations. His  long  experience,  preserved  by  a  retentive  memory,  with 
his  judicial  faculty  of  mind,  was  a  valuable  professional  asset  which 
ought  to  have  been  used  more  frequently  for  the  general  benefit.  There 
were  occasions  when  he  had  to  yield  to  imperative  demands  for  his 
knowledge  and  judgment.  On  two  different  occasions,  when  disastrous 
accidents  occurred  to  the  bridge  over  the  Missouri  River  at  St.  Charles, 
Mr.  Whittemore  was  summoned  to  investigate  and  determine  the 
causes  of  failure.  No  record  has  been  preserved  of  his  professional 
services  aside  from  those  rendered  in  his  official  position,  nor  of  the 
requests  for  such  services  which  he  felt  he  ought  not  to  accept.  In 
1888,  he  and  the  late  Joseph  M.  Wilson  and  A.  P.  Boiler,  Members,  Am. 
Soc.  C.  E.,  were  appointed  by  the  City  of  Providence,  R.  I.,  as  a  com- 
mission to  investigate  an  important  city  problem,  and  much  credit  was 
given  the  commission  for  its  report.  In  his  long  period  of  active 
practice  there  was  without  doubt  much  which  could  profitably  he 
referred  to  in  this  memoir  if  the  facts  were  obtainable. 
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Mr.  Whittemore  was  a  clear  thinker,  with  facility  for  expression 
as  a  writer  and  speaker.  With  a  modest  man,  as  he  was,  such  traits 
lie  dormant  until  developed  and  brought  to  light  by  circumstances. 
When  it  became  known  that  he  was  a  well-informed  and  pleasing 
speaker,  opportunities  for  speaking  were  so  frequent  that  he  acquired 
the  habit  of  declining,  and  it  was  a  rare  occasion  when  he  could  be 
induced  to  make  an  address.  He  was  urged  by  friends  to  write  con- 
tributions to  the  history  of  engineering  in  America,  which,  with  his 
long  experience  and  observation,  he  was  well  qualified  to  do,  but  he 
would  not  yield  to  their  solicitations.  His  habit  of  reticence  seemed 
to  grow  upon  him  with  advancing  age,  and  it  is  much  to  be  regretted 
that,  when  he  began  to  lay  down  his  routine  duties,  he  did  not  con- 
tribute from  his  ripe  experience  for  the  benefit  of  those  who  had  not 
acquired  that  which  they  knew  he  possessed.  He  departed  this  life 
after  outliving  all  those  with  whom  he  worked  in  the  "early  days", 
and  these  men  left  mostly  memories  and  traditions  without  actual 
records,  but  their  work  is  not  wholly  lost,  for  those  whom  they  educated 
will  pass  their  knowledge  on  through  their  successors,  and  what  they 
accomplished  while  living  remains  an  intangible  asset  for  those  who 
come  after  them. 

Mr.  Whittemore  was  by  nature  more  an  engineer  than  an  adminis- 
trator. If  his  administration  duties  had  outweighed  his  others,  it  is 
probable  that  he  would  not  have  limited  his  energies  to  the  practice 
of  engineering.  He  was  associated  with  railway  construction  and 
maintenance  throughout  a  lifetime,  covering  the  development  of  rail- 
roads from  almost  their  beginning,  and,  if  his  ambition  had  been  in 
the  line  of  railway  promotion  and  management,  it  is  altogether  likely 
that  he  would  have  become  associated  with  them  as  business  enterprises 
rather  than  as  fields  for  engineering  effort.  In  other  words,  his  work 
was  professional  instead  of  commercial  in  character.  He  must  have 
had  many  opportunities  for  profitable  employment  as  a  contractor  or 
a  promoter,  and  it  is  characteristic  of  him  that  he  appreciated  his  office 
of  Cliief  Engineer  and  resisted  temptation  offered  by  more  lucrative 
employment. 

He  understood  the  requirements  of  an  engineering  organization, 
and  his  ability  to  discern  character  enabled  him  to  gather  about  him 
efficient  and  loyal  assistants  and  to  employ  competent  contractors. 
His  relations  with  all  such  were  friendly,  and  promoted  the  feeling 
of  common  interest  instead  of  antagonism.  As  indicative  of  his  char- 
acter and  of  the  esteem  in  which  he  was  held  by  his  associates,  the 
following  extracts  from  letters,  sent  to  the  compilers,  may  be  properly 
introduced  in  this  memoir. 

From  Mr.  E.  O.  Reeder,  Assistant  Chief  Engineer,  Chicago,  Mil- 
waukee and  St.  Pavil  Railway: 
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"Although  I  served  under  and  was  very  closely  associated  with 
D.  J .  Whittemore,  as  a  subordinate,  for  the  greater  part  of  the  time 
from  early  in  1875  until  his  retirement  from  active  service  in  December, 
1910,  I  find  some  difficulty  in  suggesting  matter  for  his  memoir. 

"Few  engineers,  or  in  fact  few  managing  or  directing  officials  of  a 
railway  company,  have  a  record  of  such  a  close  and  direct  connection 
from  the  beginning,  with  the  building  up  of  a  great  railway  of  the 
magnitude  of  the  Chicago,  Milwaukee  and  St.  Paul  Railway. 

"In  the  early  'Fifties',  practically  at  the  beginning  of  railway  con- 
struction west  of  the  State  of  Ohio,  Mr.  Whittemore  was  engaged 
on  the  surveys  and  construction  of  lines  in  Wisconsin,  which  were 
the  nucleus  of  and  are  still  a  part  of  the  C,  M.  &  St.  P.  Railway 
System.  I  have  heard  him  remark  that  he  once  surveyed  a  line  across 
the  site  of  the  present  heart  of  the  City  of  Minneapolis  and  that  no 
house  or  building  was  then  there  to  obstruct  his  work. 

"From  these  early  days  until  his  death,  except  for  a  few  short 
intervals,  he  was  connected  with  our  company,  and  for  the  greater  part 
of  this  period  he  was  the  head  of  the  Engineering  Department,  and 
as  such  he  planned,  directed,  and  supervised  the  construction  of  some 
6  000  miles  of  new  railway  now  forming  a  part  of  the  great  system 
of  over  10  000  miles,  and  he  also  planned  and  directed  the  many  works 
and  improvements  that  were  undertaken  in  developing  the  system. 

"He  held  to  a  marked  degree  the  confidence  of  the  managing  officers 
of  the  company,  from  S.  S.  Merrill,  who,  perhaps  more  than  any  other, 
laid  the  foundation  of  the  system,  to  A.  J.  Earling,  who  extended 
and  built  it  up. 

"Mr.  Whittemore's  reputation  for  justness  and  fairness  as  between 
the  Railway  Company  and  its  contractors  was  so  high  that  his  decision 
as  arbitrator  was  seldom,  if  ever,  questioned,  and  because  of  this 
high  estimation  the  Railway  Company  was  able  to  contract  its  work 
to  the  best  advantage,  and  few,  if  any,  controversies  resulted  in  lawsuits 
in  settlement  of  contracts. 

"Mr.  Whittemore's  personality,  character,  and  high  mental  attain- 
ments commanded  the  admiration  and  respect  of  all  who  knew  him. 
He  possessed  a  strong  and  active  mind. 

"His  subordinates  loved  and  respected  him,  and  felt  complete 
confidence  that  he  would  be  just  and  loyal  in  his  treatment  of  them. 

"To  me,  among  his  most  marked  characteristics,  were  his  power 
of  concentrating  his  mind  on  and  his  ability  to  thoroughly  analyze 
a  subject.  Physically,  he  was  not  very  rugged,  and  consequently  had 
to  depend  upon  observations  and  reports  of  others  for  his  knowledge 
of  many  operations  and  conditions,  especially  as  regards  examinations 
and  explorations  for  new  lines.  He  had,  to  a  remarkable  degree,  the 
faculty  of  getting  from  reports  of  others  a  more  complete  insight  and 
understanding  of  pertinent  facts  and  conditions  than  an  ordinary  man 
would  get  from  actual  observation,  and  of  thereafter  retaining  these 
facts  in  mind. 

"His  reputation  as  an  engineer  can  best  be  commented  on  by  some 
one  who  has  a  wider  knowledge  of  it  than  I  have.    His  contemporaries 
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and  associates  in  the  profession  were  of  the  most  prominent  eng'ineers 
of  the  country  and  of  the  world,  and  his  rank  among  them  was  high." 

From  Mr.  A.  G.  Baker,  Assistant  Engineer,  Chicago,  Milwaukee 
and  St.  Paul  Railway: 

"1  have  to  say  that  the  following  few  lines  relative  to  my  personal 
estimate  of  Mr.  Whittemore  are  submitted  with  diffidence,  as  the  sub- 
ject is  difficult  to  handle  as  it  deserves.  Having  been  intimately  asso- 
ciated with  Mr.  Wliittemore  for  twenty-five  of  the  thirty-eight  years 
of  service  with  the  Chicago,  Milwaukee  and  St.  Paul  Railway,  I 
venture  to  say  that  it  is  possible  for  me  to  form  a  fairly  true  estimate 
of  his  qualities  as  a  man  and  engineer. 

"As  a  man  and  chief  I  think  there  were  few,  occupying  the  position 
that  he  did,  who  had  the  quality  of  winning  the  respect  and  loyalty 
of  his  subordinates,  and,  in  my  ease,  a  degree  of  affection  hard  to 
express. 

"On  his  part,  he  was  loyal  to  his  assistants  who  were  deserving  and 
tried  to  do  their  duty.  In  this  respect,  one  of  his  chief  characteristics 
was  the  solicitude  he  displayed  for  the  comfort  and  safety  of  any  one 
of  his  engineers  sent  on  a  specially  hazardous  undertaking  in  the 
line  of  reconnaissance  or  survey.  Many  instances  of  his  thoughtful 
consideration  along  these  lines  occur  to  the  writer,  and  others  will  bear 
witness  to  the  same. 

"Another  characteristic  was  his  absolute  fairness  in  dealing  witk 
contractors.  His  instructions  were  explicit  to  all  engineers  on  con- 
struction work  to  treat  all  contractors,  from  principals  to  sub-contrac- 
tors and  'station  men',  with  due  consideration.  All  the  leading  con- 
tractors in  the  West  with  whom  I  have  had  business  relations  concur 
in  the  general  statement  that  they  could  safely  leave  all  matters  of 
classification,  etc.,  to  Mr.  Whittemore,  feeling  sure  they  would  receive 
just  treatment. 

"As  to  his  qualities  as  an  engineer,  it  would  seem  superfluous  for 
the  writer  to  enlarge  on  his  abilities,  too  well  known  to  require  endorse- 
ment from  this  source.  However,  it  might  not  be  out  of  place  to 
mention  one  quality  so  often  noticed,  i.  e.,  his  ability  to  grasp  difficult 
situations  relative  to  location  of  lines,  from  reports  and  examination 
ol  maps  and  profiles,  without  having  a  personal  knowledge  of  the 
country  traversed,  and  to  make  valuable  suggestions  as  to  the  better- 
ment of  conditions.  This  quality  was  also  observed  in  matters  relating 
to  construction.  This  point  was  called  to  the  attention  of  the  writer 
more  particularly  during  the  construction  of  the  Puget  Sound  Exten- 
sion. Mr.  Whittemore  had  not  been  able  to  go  over  the  new  line  until 
the  track  was  laid  and  the  line  was  in  operation.  In  1910  it  was  the 
privilege  of  the  several  Engineers  of  Construction  to  accompany  him 
in  a  business  car  over  their  portions  of  the  work.  While  watching  the 
line  from  the  car  he  would  frequently  notice  and  call  attention  to 
places  where  particular  difficulties  occurred  and  were  referred  to  him 
for  advice  and  instruction ;  he  having  recognized  them  from  his  famili- 
arity with  the  profile  and  map  of  such  localities.  His  memory  and 
*bump  of  location'  were  extraordinary. 
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"In  his  dealings  with  his  assistants,  relative  to  their  work,  his 
fairness  was  proverbial.  Where  necessary,  his  criticisms  were  severe, 
and  he  seldom  failed  to  strike  at  the  root  of  faults.  In  conclusion,  I 
cannot  refrain  from  stating  that  Mr.  Whittemore  was  as  much  a 
father  to  me  as  a  chief  during  the  many  years  I  served  under  him, 
and  my  feelings  of  affection  for  him  were  strong." 

Mr.  Whittemore  was  a  charming  social  companion — with  rare 
humor  he  could  entertain  his  friends  for  an  evening  and  make  it  an 
occasion  to  be  long  remembered.  He  was  a  good  story  teller,  and 
his  reminiscences,  based  on  the  experiences  of  his  early  practice,  were 
fascinating  to  younger  engineers.  His  disposition  was  naturally  a 
retiring  one,  and  his  friends  greatly  regretted  that  in  the  latter  years 
of  his  life  he  seemed  to  avoid  the  gatherings  of  engineers.  At  the 
last  Convention  of  the  American  Society  of  Civil  Engineers  attended 
by  him  (held  in  Chicago  in  1910)  he  told  a  friend,  who  met  him  at 
the  hotel  designated  as  Convention  Headquarters,  that  he  was  too  old, 
that  he  did  not  know  those  whom  he  was  to  meet,  and  that  they  would 
not  care  to  meet  him.  This  friend  arose  to  the  occasion  and  privately 
repeated  what  he  had  said,  with  the  result  that  he  was  given  an  ovation 
by  those  of  all  ages  who  were  present  and  for  a  short  time  was  made 
to  feel  young  again.  The  present  generation  will  have  to  disappear 
before  personal  recollections  of  him  will  cease  to  be  expressed. 

He  had  a  kind  heart,  and,  like  many  others  who  have  that  possession, 
he  did  not  display  it  in  public.  Always  helpful  of  others,  his  bene- 
factions were  not  recorded.  All  his  friends  will  remember  him  with 
warm  feelings  of  regard  and  respect,  and  will  continue  to  speak  of 
him  as  one  of  the  early  builders  of  our  profession. 

On  December  6th,  1910,  Mr.  Whittemore  retired  from  the  oflfice 
of  Chief  Engineer  of  the  Chicago,  Milwaukee  and  St.  Paul  Railway 
Company,  and  did  not  thereafter  perform  any  active  duties,  although 
he  carried  the  honorable  title  of  "Consulting  Engineer"  until  the 
date  of  his  death.  He  is  survived  by  his  widow  and  his  daughter,  who 
is  the  wife  of  Philip  N.  Littell,  author  and  publisher,  residing  in  New 
York. 

Mr.  Whittemore's  interest  in  the  advancement  of  his  profession  was 
shown  by  his  active  support  of  its  societies  in  contributing  to  their 
transactions  and  in  his  labors  on  their  committees.  The  Western 
Society  of  Engineers,  in  which  he  held  membership,  honored  him  by 
election  as  Honorary  Member.  He  was  also  a  Member  of  the  Institution 
of  Civil  Engineers  of  Great  Britain. 

Mr.  Whittemore  was  elected  a  Member  of  the  American  Society 
of  Civil  Engineers  on  July  10th,  1872,  and  .an  Honorary  Member  on 
January  6th,  1911.  He  served  as  a  Director  in  1881  and  as  President 
in  1884. 
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DANIEL  MARSHALL  ANDREWS,  M.  Am.  Soe.  C.  E.* 


Died  June  28x11,  1917. 

Daniel  Marshall  Andrews  was  born  in  Americus,  Ga.,  on  October 
24th,  1853.  He  was  the  son  of  Judge  Garnett  Andrews  and  Annulet 
Ball  Andrews,  of  Washington,  Ga. 

In  the  spring  of  1872  he  entered  the  Engineering  School  of  Georgia 
University,  at  Athens,  Ga.,  and  would  have  been  graduated  in  1874, 
had  not  a  serious  illness  prevented  him  from  taking  the  final  examina- 
tions. In  later  years  his  Alma  Mater  issued  his  diploma  and  conferred 
on  him  the  degree  of  C.  E.,  as  of  the  class  of  1874.  This  action  was 
based  on  his  excellent  record  as  a  student,  and  his  subsequent  high 
standing  in  the  profession  of  Civil  Engineering. 

Mr.  Andrews  left  college  in  the  midst  of  the  panic  of  the  Seventies, 
and,  after  trying  unsuccessfully  for  six  years  to  grow  5-cent  cotton 
at  a  profit,  he,  in  1881,  returned  to  his  profession. 

From  1881  to  1884  he  was  employed  on  the  survey,  location,  and 
construction  of  railroads  in  Georgia  and  South  Carolina,  embracing 
certain  lines  of  the  Seaboard  Air  Line  System  in  these  States.  From 
1884  until  his  death  he  was  engaged  in  river  improvements  with  the 
United  States  Engineer  Department,  except  for  a  short  time  in  1902 
when  he  investigated  and  prepared  estimates  of  cost  for  the  Galveston 
sea  wall.  While  in  the  Government  service,  Mr.  Andrews'  work 
consisted  of  the  design  and  construction  of  navigation  locks  and  dams, 
the  regulation  of  rivers,  the  investigation  of  many  Southern  rivers, 
together  with  the  storage  reservoirs  on  their  headwaters,  with  a  view 
to  the  co-ordination  of  power  and  navigation,  and,  at  the  time  of  his 
death,  he  had  charge  of  the  improvement  of  the  Coosa  River  and  its 
tributaries  in  Georgia  and  Alabama,  the  Alabama  River  in  Alabama, 
the  Chattahoochee  River  in  Georgia  and  Alabama,  the  Flint  River  in 
Georgia,  and  the  Apalachicola  and  Choctawahatchee  Rivers  in  Alabama 
and  Florida. 

He  was  a  member  of  the  following  scientific  and  technical  societies : 
The  American  Association  for  the  Advancement  of  Science;  the  Amer- 
ican Historical  Association;  the  International  Navigation  Congresses; 
the  National  Geographic  Society;  the  Alabama  Anthropological 
Society;  the  Bartram  Society  of  Natural  History;  and  the  Alabama 
Technical  Association. 

The  following  is  a  partial  list  of  technical  and  historical  papers 
written  by  Mr.  Andrews:  "The  Economic  Improvement  of  the  Coosa 

*  Memoir  prepared  by  B.  M.  Hall,  M.  Am.  Soc.  C.  E. 
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and  Alabama  Rivers  in  Georgia  and  Alabama",*  "Backwater  Above 
Dams",t  "Foimdations  in  the  Coosa  and  Black  Warrior  Rivers",:}: 
"Dam  No.  5,  Coosa  River,  The  Problems  of  Location  and  Construc- 
tion",:}: "The  Improvement  of  Non-Torrential  Streams",:):  and  "The 
Route  of  DeSoto  from  Cofitachequi  in  Georgia  to  Coosa  in  Alabama",§ 
read  before  the  Alabama  Anthropological  Society. 

Although  Mr.  Andrews  was  a  U.  S.  Assistant  Engineer  for  the 
greater  part  of  his  life,  engaged  in  engineering  works  of  considerable 
magnitude,  he  was  also  a  great  student  of  science  and  general  liter- 
ature. 

On  April  20th,  1897,  he  was  married  to  Miss  Adeline  Van  Court, 
of  Natchez,  Miss.,  who  Survives  him,  together  with  their  three  sons, 
Daniel  Marshall,  Jr.,  Yan  Court,  and  Garnett. 

At  the  time  of  his  death,  and  for  many  years  previous,  his  home 
was  at  Montgomery,  Ala.  In  June,  1917,  he  went  to  Chicago,  111., 
for  an  operation  on  his  throat,  and  died  there  on  the  28th  of  that 
month. 

Mr.  Andrews,  known  familiarly  by  his  boyhood  friends  as  "Marsh" 
Andrews  and  by  the  general  public  as  Major  Andrews,  was  a  Christian 
gentleman,  a  man  of  integrity  and  honor,  and  an  able  engineer  of 
scholarly  attainments.  He  was  a  man  of  positive  convictions,  dignified 
bearing,  and  a  delightful  personality.  He  was  devoted  to  his  home, 
his  family,  and  his  friends  and  was  enthusiastic  in  his  professional 
work. 

He  was  elected  a  Member  of  the  American  Society  of  Civil  Engi- 
neers on  March  2d,  1892,  and  always  took  an  active  interest  in  its 
affairs. 

*  Transactions,  Am.   Soc.  C.   E.,  Vol.   L,  p.  363. 
t  Engineering  News. 

t  Professional  Memoirs,  Corps  of  Engrs.,  U.   S.   A. 
§  American  Anthropologi'St,  Jan.-March,  1917. 
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"WILLIAM  SINCLAIR  BACOT,  M.  Am.  Soc.  C.  E.* 


Died  October  31st,  1917. 


William  Sinclair  Bacot,  the  son  of  Robert  Cochran  Bacot  and 
Mary  Gilchrist  Bacot,  was  born  in  East  Orange,  IST.  J.,  on  April  19th, 
1860.  He  was  a  direct  descendant  of  Pierre  Bacot,  a  French  refugee 
who  fled  to  America  after  the  Revocation  of  the  Edict  of  ISTantes  and 
settled  in  Charleston,  S.  C,  in  1685. 

Mr.  Bacot  was  prepared  for  college  at  Hasbrouck's  Institute,  in 
Jersey  City,  N.  J.,  and  entered  Princeton  College  in  1877,  from  which 
he  was  graduated  with  the  class  of  1881,  with  the  degree  of  C.  E. 

After  leaving  college  he  was  first  employed  as  an  Assistant  Engi- 
neer on  the  construction  of  the  Hackensack  Water  Company's  Works 
in  New  Jersey.  From  1882  to  1908,  he  was  engaged  in  private  practice, 
having  an  office  in  New  York  City  and  making  a  specialty  of  improved 
highway  building  and  hydraulic  engineering  and  construction. 

Mr.  Bacot  was  appointed  by  the  United  States  Government  to 
build  the  Good  Roads  Exhibit  at  the  World's  Fair  at  Chicago.  For 
several  years  he  was  County  Engineer  of  Staten  Island,  New  York, 
and  built  good  roads  in  that  place  and  also  at  Lenox,  Mass.,  and 
Burlington,  Yt. 

Among  the  water-works  constructed  and  operated  by  Mr.  Bacot 
were  those  at  Fishkill,  Portchester,  Matteawan,  and  Mount  Yernon, 
in  New  York  State,  and  Greenwich,  Conn.  His  last  work  was  the 
development  of  the  water-works  for  the  City  of  Utica,  and  the  sur- 
rounding towns  and  villages,  covering  the  period  from  1900  to  the 
present  time.  He  designed  and  built  the  West  Canada  Creek  supply 
system  for  Utica,  and  welded  into  one  the  water-works  of  Utica,  New 
Hartford,  Whitestown,  Oriskany,  and  other  adjoining  towns  and  villages. 

At  the  time  of  his  death,  Mr.  Bacot  was  President  of  the  Con- 
solidated Water  Company  of  Utica,  N.  Y.,  and  its  Chief  Engineer, 
positions  which  he  had  held  almost  continuously  for  many  years. 

He  was  of  a  retiring  disposition,  although  genial  and  of  a  lively 
and  enthusiastic  temperament,  inheriting  the  latter  characteristics 
from  his  French  ancestry. 

In  May,  1917,  he  was  married  to  Anne  Harrison  Hendryx,  of  Cin- 
cinnati, Ohio,  a  great-granddaughter  of  the  late  President  William 
Henry  Harrison. 

He  is  survived  by  his  brothers,  John  Y.  and  Richard  Wainwright 
Bacot,  and  a  sister,  Mrs.  Annie  B.  Roundey,  and  several  nieces  and 
nephews. 

Mr.  Bacot  was  elected  a  Member  of  the  American  Society  of  Civil 
Engineers  on  October  1st,  1890. 

♦  Memoir  prepared  by  John  V.  Bacot,  Esq.,  Utica,   N.   Y. 
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VAN  BRUNT  BERGEN,  M.  Am.  Soc.  C.  E.* 


Died  April  27th,  1917. 


Yau  Brunt  Bergen  was  born  at  Bay  Ridge,  N.  Y.,  on  April  29th, 
1S41.  He  was  a  son  of  the  Hon.  Tennis  G.  Bergen  and  Elizabeth  Yan 
Brunt  Bergen.  He  was  graduated  from  the  Brooklyn  Collegiate 
and  Polytechnic  Institute  in  1859,  and  in  1860  entered  Rensselaer 
Polytechnic  Institute,  at  Troy,  N.  Y.,  from  which  he  was  graduated 
in  18G3,  with  the  degree  of  Civil  Engineer. 

In  1864,  Mr.  Bergen  was  appointed  Rodman  on  the  Brooklyn  Water 
Works,  and  thereafter  served  in  various  capacities  in  the  Department 
of  City  Works  under  Chief  Engineers  Kirkwood,  Lane,  and  Adams. 
On  the  resignation  of  the  latter,  in  the  early  Seventies,  he  became 
First  Assistant  to  Chief  Engineer  Robert  Van  Buren,  M.  Am.  Soc. 
C.  E.,  and  continued  in  that  capacity  until  the  resignation  of  Mr. 
Yan  Buren  in  1893.  Mr.  Bergen  was  then  appointed  Chief  Engineer, 
and  as  such  served  under  the  administration  of  Mayor  Schieren,  with 
Mr.  Alfred  T.  White  as  Commissioner  of  City  Works,  for  a  period 
of  about  two  years.  Mr.  Bergen  then  retired  from  public  service 
and  devoted  most  of  his  time  to  the  management  of  his  large  real 
estate  holdings  in  Brooklyn. 

Mr.  Bergen's  principal  engineering  work,  while  in  the  service  of 
the  City  of  Brooklyn,  was  the  laying  of  the  48-in.  water  main  from 
the  Ridgewood  Reservoir  to  the  corner  of  Clinton  and  Atlantic 
Avenues ;  the  construction  of  quite  a  number  of  the  city's  sewers ;  the 
development  of  the  city's  water  supply  in  the  valley  of  the  Hempstead 
stream;  and  much  other  work  connected  with  the  water  supply  of 
the  city. 

In  1884,  he  compiled  a  short  account  of  "The  Department  of  City 
Works,  Water  and  Sewerage,"  which  was  printed  in  "Stiles'  History 
of  the  County  of  Kings  and  the  City  of  Brooklyn,  New  York." 

Mr.  Bergen  was  a  member  of  the  following  clubs  and  societies : 
The  Engineers  Club  of  New  York,  the  Hamilton  and  Crescent  Athletic 
Clubs  of  Brooklyn,  the  Holland.  St.  Nicholas,  and  the  Long  Island 
Historical  Societies,  and  also  of  many  scientific  associations. 

On  August  3d,  1871,  he  was  married  to  Elizabeth  Emma  van  der 
Yeer,  daughter  of  Cornelius  van  der  Veer,  of  Somerville,  N.  J.  One 
child,  a  son,  Henry  van  der  Yeer  Bergen,  was  born  on  August  8th, 
1873. 

*  Memoir  prepared  by  Gustave  Kaufman,  M.  Am.  Soc.  C.  E. 
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After  his  retirement  from  active  engineering  work,  Mr.  Bergen 
traveled  extensively  in  the  United  States,  Canada,  Mexico,  the  Levant, 
and  Egypt. 

He  was  a  quiet  and  modest  man,  of  very  high  attainments.  He 
had  a  very  hind  disposition,  and  was  held  in  high  esteem  by  all  who 
knew  him. 

Mr.  Bergen  was  elected  a  Member  of  the  American  Society  of 
Civil  Engineers  on  June  17th.  1868. 
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HERBERT  JAMES  CHAMBERS,  M.  Am.  Soc.  C.  E.* 


Died  May  20th,  1918. 


Herbert  James  Chambers,  the  only  son  of  James  and  Fanny  (Flood) 
Chambers,  was  born  in  Brookfield,  Mass.,  on  November  7th,  1872. 
His  education  was  received  at  the  Brookfield  Public  Schools,  includ- 
ing the  High  School,  and  at  the  Worcester  Polytechnic  Institute, 
from  which  he  was  graduated  in  1895. 

From  July,  1895,  to  August,  1900,  Mr.  Chambers  was  employed 
as  Draftsman  and  Engineer  by  several  New  England  companies,  among 
which  were  the  Springfield  Construction  Company  and  the  Berlin 
Iron  Bridge  Company. 

In  1900,  he  came  to  New  York  City,  and,  in  August  of  that  year, 
entered  the  employ  of  Milliken  Brothers,  which  firm  was  engaged  in 
engineering  and  construction  work  in  foreign  countries.  In  1902,  he 
was  promoted  to  the  position  of  Contracting  Engineer,  which  place 
he  retained  until  July,  1907,  when  he  resigned  to  enter  into  partner- 
ship with  John  W.  Hamilton,  M.  Am.  Soc.  C.  E.,  as  a  member  of  the 
firm  of  Hamilton  and  Chambers.  This  partnership  which  was  organ- 
ized for  the  purpose  of  conducting  an  engineering  and  contracting 
business,  was  eminently  successful,  and,  in  1916,  was  incorporated  as 
the  Hamilton  and  Chambers  Company,  Incorporated.  At  the  time 
of  its  re-organization,  Mr.  Chambers  became  the  Treasurer  of  the 
Company,  which  ofiice  he  held  imtil  his  death,  at  his  home  in  Mount 
Vernon,  N.  Y.,  on  May  20th,  1918. 

He  was  a  man  of  strong  character  and  had  a  high  standard  of 
conduct  which  impressed  all  who  came  in  contact  with  him  both  in 
business  and  social  relations.  He  was  an  intelligent,  energetic  and 
capable  engineer,  with  a  strong  grasp  of  detail,  which  enabled  him 
to  prosecute  his  work  most  successfully,  and  he  has  left  a  record  of 
probity  with  the  men  with  whom  he  was  associated,  which,  without 
question,  will  influence  their  conduct  of  life. 

In  1900,  Mr.  Chambers  was  married  to  Miss  Marion  French,  of 
Attleboro,  Mass.,  who,  with  a  daughter,  Adelaide  French  Chambers, 
survives  him. 

He  was  a  member  of  the  National  Geographic  Society,  the  Sewanoy 
Country  Club,  the  Whitehall  Club,  and  the  Engineers  Club  of  New 
York  City. 

Mr.  Chambers  was  elected  an  Associate  Member  of  the  American 
Society  of  Civil  Engineers  on  November  5th,  1902,  and  a  Member  on 
January  3d,  1911. 

*  Memoir  prepared  by  J.  W.  Hamilton,  M.  Am.  Soc.  C.  E. 
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HIRAM  MARTIN  CHITTENDEN,  M.  Am.  Soc.  C.  E.* 


Died  October  9th,  1917. 


Hiram  Martin  Chittenden,  the  son  of  William  F.  and  Mary  Jane 
(Wheeler)  Chittenden,  was  born  at  Yorkshire,  N".  Y.,  on  October  25th, 
1858.  He  was  graduated  from  the  United  States  Military  Academy 
at  West  Point,  N.  Y.,  in  1884  and  assigned  to  the  Corps  of  Engineers. 

After  three  years  at  the  Engineer  School  of  Application  at  Willetts 
Point,  Lieut.  Chittenden  was  graduated  and  sent  to  Omaha,  Nebr., 
as  Engineer  Officer  of  the  Department  of  the  Platte.  He  held  this 
appointment  for  two  years,  during  which  time  he  prepared  a  topo- 
graphical map  embracing  Colorado,  Wyoming,  and  Utah,  and  portions 
of  the  surrounding  States. 

In  1889,  he  was  assigned  by  the  War  Department  to  take  charge 
of  the  improvement  of  the  Missouri  River  above  Sioux  City,  Iowa, 
where  he  remained  until  1891,  when  he  was  given  charge  of  improve- 
ment work  in  Yellowstone  N^ational  Park.  He  carried  on  this  work 
until  1893,  when  he  was  assigned  to  duty  on  the  Louisville  and 
Portland  Canal. 

In  the  fall  of  1894,  Capt.  Chittenden  was  made  Executive  Officer 
of  the  Board  of  Engineers  and  had  charge  of  a  canal  survey  between 
Lake  Erie  and  the  Ohio  River.  This  assignment  was  terminated  in 
1896,  when  he  was  made  Secretary  of  the  Missouri  River  Commis- 
sion, in  personal  charge  of  the  improvement  of  the  Osage  and  Gas- 
conade Rivers  in  Missouri  and  the  surveys  on  the  Missouri  River, 
as  well  as  surveys  for  reservoir  sites  in  Wyoming  and  Colorado. 

When  war  with  Spain  was  declared  in  1898,  Capt.  Chittenden  was 
appointed  Chief  Engineer  of  the  Fourth  Army  Corps,  with  the  rank 
of  Lieutenant-Colonel  of  Volunteers.  In  this  position  he  had  charge 
of  the  purchase  of  engineering  supplies,  the  laying  out  of  camp  grounds, 
supplying  them  with  water,  etc.  While  encamped  at  Huntsville,  Ala., 
he  took  charge  of  the  municipal  improvement  of  the  Huntsville  Spring 
and  the  erection  of  the  new  water-works  plant. 

At  the  close  of  the  Spanish- American  War,  Capt.  Chittenden 
was  made  Secretary  and  Disbursing  Officer  of  the  Missouri  River  Com- 
mission, in  charge  of  the  improvement  of  the  Missouri  River  from 
Sioux  City  to  its  source,  of  the  Osage  and  Gasconade  Rivers,  and  of 
Yellowstone  Park,  with  headquarters  at  Sioux  City,  Iowa.  It  was  while 
on  this  work  that  he  laid  out  the  wonderful  roads  of  Yellowstone  Park 
and  wrote  a  very  interesting  bookf  describing  the  Park  itself. 

*  Memoir  prepared  by  the  Secretary  from  information  on  file  at  the  Headquarters 
of  the  Society. 

t  "Yellowstone  National  Park,  Historical  and  Descriptive." 
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In  1904  he  was  promoted  to  the  rank  of  Major  and  transferred  to 
Seattle,  Wash.,  in  charge  of  the  United  States  Engineer  Office  and 
work  in  that  district.  His  most  important  work  while  in  this  position 
was  the  planning  of  the  Lake  Washington  Canal,  a  project  then  being 
agitated  by  the  citizens  of  Seattle.  A  plan  had  already  been  made 
for  this  Canal,  which  included  two  locks,  at  an  estimated  cost  of  about 
$7  000  000,  which  was  prohibitive.  After  some  study  of  the  question, 
Maj.  Chittenden  submitted  a  plan  wnth  only  one  lock  and  at  a  cost 
which  enabled  the  project  to  be  carried  out.  The  Lake  Washington 
Canal  is  a  ship  canal  about  7  miles  long,  connecting  Puget  Sound 
with  Lake  Washington  and  outside  of  the  Panama  Canal  is  said  to  be 
one  of  the  most  important  canals  built  by  the  Government,  the  lock 
being  second  in  size  only  to  those  at  Panama.  Lie  also  served  as  a 
member  of  the  Federal  Commission  on  the  Yosemite  National  Park 
in  1904,  and  on  a  commission  of  engineers  appointed  to  investigate  the 
question  of  the  Sacramento  Flood  Control. 

In  1908,  Maj.  Chittenden  was  promoted  to  the  rank  of  Lieutenant- 
Colonel  and  in  1910  he  was  made  a  Brigadier-General,  but  was  retired 
shortly  afterward  owing  to  partial  paralysis,  brought  on  by  shock  sus- 
tained by  a  long  test  ride  which,  with  all  Army  Officers,  he  was  com- 
pelled to  take  at  that  time. 

After  his  retirement.  Gen.  Chittenden  devoted  himself  to  consult- 
ing engineering  work  and  investigations.  On  September  5th,  1911, 
he  was  elected  a  member  of  the  Port  Commission  and  was  made  the 
first  President  of  the  Port  of  Seattle,  which  position  he  held  until 
October  15th,  1915.  This  Commission  had  been  organized  under  the 
laws  of  the  State  of  Washington,  to  take  up  the  question  of  a  harbor 
for  Seattle;  Gen.  Chittenden  devoted  himself  to  this  work  and  by  his 
commanding  personality  gained  the  respect  of  those  associated  with 
him  to  such  an  extent  that  the  project  was  carried  out  and  the  Port 
of  Seattle,  with  its  dock  and  terminal  facilities,  was  built  at  an  expendi- 
ture of  about  $6  500  000.  The  traffic  through  this  port  to  Siberia  has 
been  so  enormous  during  the  last  two  or  three  years  that  the  docks 
have  been  found  to  be  too  small,  thus  vindicating  Gen.  Chittenden's 
judgment. 

His  project  for  a  30-mile  tunnel  through  the  Cascade  Mountains,* 
although  this  tunnel  was  never  constructed,  was  widely  discussed,  and 
his  articles  thereon  were  translated  and  published  in  both  Spanish  and 
French  technical  periodicals.  He  was  also  greatly  interested  in  flood- 
control  work,  to  the  study  and  literature  of  which  he  had  devoted  much 
time.  In  this  connection  he  was  retained  in  a  consulting  capacity  by  the 
Spring  Valley  Water  Company  of  San  Francisco,  Cal.,  in  191'2,  and 

*  Engineering  News,  November  16th,  3  916,  p.  928. 


MEMOIR   OF   HIRAM   MARTIN   CHITTENDEN  1677 

also  by  The  Miami  Conservancy  District,  to  report  on  that  project. 
He  visited  Dayton,  Ohio,  on  several  occasions  during  1914-15,  and 
being  unable  to  vi^alk,  he  was  taken  to  all  sites  of  the  work  by  auto- 
mobile, most  of  his  research  work  being  done  in  his  rooms;  in  this 
manner  he  made  a  detailed  study  of  the  entire  project.  Notwithstand- 
ing his  disability.  Gen.  Chittenden  had  an  enormous  capacity  for 
hard  work,  and  his  mind  was  exceedingly  active.  It  is  said  of  him 
that  when  engaged  on  a  project,  he  could  keep  many  men  busy  supply- 
ing him  with  information  and  data  in  connection  with  it  and  that, 
he  himself  could  work  steadily  from  8  to  12  hours  a  day  for  7  days 
in  the  week. 

He  devoted  much  of  his  time  to  writing,  and  besides  being  a  fre- 
quent contributor  to  the  publications  of  this  Society,  he  published  many 
articles,  especially  on  waterways,  flood  control,  and  water  supply,  in 
various  technical  periodicals.  Among  his  papers  before  this  Society 
were  the  following:  "Reservoir  System  of  the  Great  Lakes  of  the  St. 
Lawrence  Basin";*  "Forests  and  Reservoirs  in  Their  Relation  to 
Stream  Flow,  with  Particular  Reference  to  Navigable  Rivers"  ;t  and 
"Ports  of  the  Pacific".:}:  His  last  paper,  "Detention  Reservoirs  with 
Spillway  Outlets  as  an  Agency  in  Flood  Control", §  was  presented 
before  the  Society  shortly  after  his  death,  at  the  meeting  of  October 
17th,  1917.  He  had  also  discussed  various  papers  presented  by  other 
engineers. 

Most  of  Gen.  Chittenden's  life  was  spent  in  the  routine  engineering 
work  of  the  Army  Corps,  in  charge  of  public  works  in  various  parts 
of  the  United  States.  His  fine  personal  qualities  and  his  fair  treatment 
of  the  men  under  him  and  the  public  whom  he  served,  had  won  for 
him  the  respect  and  admiration  of  every  one  who  knew  him,  particu- 
larly in  the  Northwest,  where  he  had  spent  many  of  his  latter  years. 
An  invalid  for  many  years  and  confined  to  a  wheel  chair  during  the 
last  year  of  his  life,  he  had  developed  the  human  side  of  his  character 
until  his  personality  affected  for  good  all  who  came  under  his  influence 
and  made  him  an  honor  to  the  Army  and  to  his  Profession. 

In  a  tribute  to  him,  and  in  appreciation  of  his  qualities  as  a  man 
and  as  an  engineer,  before  the  Society  at  its  meeting  of  October 
17th,  1917,  Charles  Evan  Fowler,  M.  Am.  Soc.  C.  E.,  said,  among 
other  things: 

"I  found  him  to  be  the  most  fair  and  one  of  the  finest  men  to  work 
under  whom  I  have  ever  knovni  *  *  *,  That  whether  it  pleases 
engineers  or  not  to  realize  it,  their  work  is  for  posterity.     Gen.  Chit- 

•  Transactions,  Am.  Soc.  C.  E.,  Vol.  XL,  p.  355. 
t  Transactions,  Am.  Soc.  C.  E.,  Vol.  LXII,  p.  245. 
t  Transactions,  Am.  Soc.  C.  E.,  Vol.  LXXVI,  p.  155. 
§  Transactions,  Am.  Soc.  C.  E.,  Vol.  LXXXII,  p.  1473. 
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tenden  has  not  lived  to  see  the  flood  control  work  carried  out;  he 
has  not  lived  to  see  his  tunnel  built;  but  posterity  will,  without  doubt, 
thank  him  for  what  he  has  done." 

He  is  survived  by  his  widow,  who  was  Miss  Nettie  M.  Parker,  of 
Arcade,  N.  Y.,  whom  he  married  on  December  30th,  1884,  and  by 
two  sons,  Lieut.  Hiram  M.  Chittenden,  Jr.,  14th  Field  Artillery,  U.  S. 
A.,  and  Theodore  Chittenden,  and  a  daughter,  Mrs.  J.  B.  Cress. 

Gen.  Chittenden  was  elected  a  Member  of  the  American  Society 
of  Civil  Engineers  on  February  7th,  1900. 
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OTIS  FRANCIS  CLAPP,  M,  Am.  Soc.  C.  E.* 


Died  March  3d,  1917. 


Otis  Francis  Clapp  was  born  in  Boston,  Mass.,  on  September  26th, 
1843,  and  was  educated  in  the  public  schools  and  Hunt's  Academy  at 
North  Bridgewater,  now  Brockton,  Mass. 

He  began  his  engineering  training  in  the  office  of  Messrs.  Shedd 
and  Edson,  in  Boston.  In  1867  he  was  sent  by  that  firm  to  Providence, 
R.  I.,  to  make  the  preliminary  surveys  for  the  first  municipal  water- 
works system.  The  project,  which  was  afterward  adopted,  provided 
for  a  water  supply  from  the  Pawtucket  River. 

In  1872,  Mr.  Clapp  was  given  charge  of  the '  preparation  of  the 
plans  for  a  sewerage  system  for  the  City  of  Providence,  and,  later, 
the  greater  part  of  the  city's  sewers  and  sewage  disposal  works  was 
constructed  under  his  direction. 

In  May,  1897,  he  was  appointed  City  Engineer  to  succeed  the  late 
J.  Herbert  Shedd,  M.  Am.  Soc.  C.  E.  Mr.  Clapp  held  this  office  for 
18  years,  until  1916,  when  he  was  made  First  Assistant  in  the  City 
Engineer's  Department  on  special  work  in  connection  with  the  improve- 
ment of  the  Moshassuck  River  channel.  He  was  engaged  on  this  work 
for  nearly  a  year,  but  was  obliged  to  resign  on  account  of  his  failing 
health.  Altogether,  Mr.  Clapp  had  been  connected  with  the  engi- 
neering work  of  the  City  of  Providence,  particularly  that  part  of  it 
relating  to  the  water-works  and  sewerage  departments,  for  more  than 
50  years. 

He  was  a  man  of  pleasing  personality,  modest  and  unassuming  in 
manner,  and  of  a  genial  temperament  which  attracted  to  him  many 
friends. 

In  November,  1869,  he  was  married  to  Anna  Isabella  Sweetland, 
whom  he  survived  about  two  years. 

Mr.  Clapp  was  a  member  of  the  Boston  Society  of  Civil  Engineers. 
He  was  elected  a  Member  of  the  American  Society  of  Civil  Engineers 
on  March  2d,  1898,  and  at  the  time  of  his  death  was  serving  as  a 
member  of  the  Board  of  Direction,  to  which  office  he  had  been  elected 
on  January  19th,  1916. 

*  Memoir  prepared  by  the  Secretary  from  information  furnished  by  William  D. 
Bullock,  M.  Am.  Soc.  C.  E. 
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ELMER  ELLSWORTH  COLBY,  M.  Am.  S«c.  C.  E.* 


Died  September  27th,  1917. 


By  the  death  of  Elmer  Ellsworth  Colby,  the  Engineering  Profession 
loses  a  man  of  merit  and  distinction  and  his  associates  a  friend  in 
every  sense  of  the  word.  He  was  born  in  Oconomowoc,  Wis.,  on  July 
2d,  1861,  and  was  educated  in  the  public  schools  of  Wisconsin,  Iowa, 
and  Illinois.    He  was  graduated  from  a  Chicago  High  School  in  1879. 

Mr.  Colby's  professional  life  commenced  in  his  nineteenth  year 
when  he  began  service  as  a  Rodman  on  the  construction  of  a  Chicago, 
Milwaukee,  and  St.  Paul  Line  in  Carrol  County,  Iowa.  His  advance- 
ment was  rapid,  for,  in  March,  1883,  he  was  made  Division  Engineer 
of  the  Kansas  City,  Springfield,  and  Memphis  Railway,  in  charge  of 
construction  on  the  Memphis  Division,  Terminal  Yards,  and  the  Mis- 
sissippi River  Transfer. 

After  the  termination  of  this  work  in  1884,  and  until  the  latter 
part  of  1888,  Mr.  Colby  was  engaged  in  various  construction  and  locat- 
ing capacities  in  Iowa,  Missouri,  and  Kansas,  changing  occupation 
frequently,  as  was  the  custom  at  that  time,  but  always  advancing,  and 
broadening  his  experience.  In  November,  1888,  however,  he  began 
work  in  that  branch  of  his  Profession  which  was  destined  to  be  his 
life's  work,  and  for  which  he  was  best  known  among  his  later  associates. 

At  that  time  he  opened  an  office  for  the  private  practice  of  bridge 
designing  and  construction  in  Springfield,  Mo.,  acting  at  the  same 
time  as  County  Engineer  for  Greene  County,  Missouri,  As  was  to 
be  expected,  the  first  years  of  such  an  enterprise  were  a  bitter  struggle, 
and  it  was  necessary  for  him  to  do  land  work,  sub-division  surveys,  and 
any  work  of  that  nature  that  would  come  to  a  young  engineer  starting 
his  own  business  at  such  a  time,  but  he  steadily  continued  toward  his 
goal,  and  built,  during  this  period,  several  bridges  across  the  larger 
streams  in  the  mountainous  portion  of  Missouri,  and,  also,  after  enter- 
ing a  competition,  the  War  Department  awarded  him  the  contract 
for  designing  and  supervising  the  construction  of  a  road  from  Spring- 
field to  the  National  Cemetery.  He  also  built  the  unique  Massey 
Building  in  Springfield,  a  four-story  structure  carried  on  a  stone  arch 
spanning  Wilson  Creek,  and  designed  and  built  the  concentrating  mills 
and  shafts  for  several  lead  and  zinc  plants,  as  well  as  doing  prospect- 
ing and  underground  work  for  the  companies. 

When,  in  1900,  the  United  States  Department  of  the  Interior  started 
the  work  of  platting  segregated  town  sites  in  the  Chickasaw  Nation, 
in  Indian  Territory,  Mr.  Colby  was  placed  in  charge  of  the  work,  and 
moved  to  Chickasha,  where  he  resided  until  his  death.    After  the  town 

*  Memoir  prepared  by  Max  L.  Cunningham,  M.  Am.  Soc.  C.  E. 
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site  work  was  completed,  he  began  again  his  private  practice,  and, 
during  1903,  was  Chief  Engineer  of  the  Colorado,  Oklahoma,  and 
Texas  Eailway,  a  Santa  Fe  property  connecting  the  main  north  and 
south  lines  wdth  the  main  line  to  the  Southwest  through  the  State  of 
Oklahoma. 

The  private  practice  opened  by  Mr.  Colby  in  Chickasha  included 
the  supervision  by  him,  as  City  Engineer,  of  all  public  work  in  that 
city,  covering  the  expenditure  of  approximately  $1  500  000.  He  also 
acted  as  Consulting  Engineer  for  other  cities  in  Oklahoma,  on  various 
municipal  improvements,  notably  sanitary  and  paving  work. 

At  the  time  of  his  death,  Mr.  Colby  was  also  County  Engineer  for 
Caddo  and  Grady  Counties,  Oklahoma.  He  had  recently  completed 
a  most  important  and  difficult  bridge  across  the  South  Canadian  River, 
at  Canadian,  Tex.,  and  his  services  as  an  expert  on  construction  and 
cost  were  in  great  demand. 

He  was  instrumental  in  securing  the  present  highway  and  sanitary 
laws  of  Oklahoma,  and  was  one  of  the  founders  of  the  Oklahoma 
Society  of  Engineers,  having  served  as  its  President  in  1910.  He 
belonged  to  the  B.  P.  O.  E.,  and  was  also  an  active  member  of  the 
Americaii  Society  of  Municipal  Improvements  and  of  the  American 
Association  for  the  Advancement  of  Science. 

Professionally,  Mr.  Colby  was  a  marked  man  in  his  community, 
and  his  interest  in  civic  affairs  made  him  a  leader,  both  in  Chickasha 
and  in  the  State.  His  death  was  hastened  by  application,  as  a  citizen, 
to  a  matter  that  was  absolutely  valueless  to  him  as  an  engineer  or  to 
his  business.  The  incident  was  the  culmination  of  a  series  of  public 
services  extending  over  many  years  and  appreciated  more  after  his 
death  than  before  it. 

He  leaves  a  widow,  two  sons,  both  of  whom  are  Civil  Engineers — 
the  younger  of  whom  is  taking  up  his  father's  work  so  far  as  he  can — 
six  daughters,  and  a  host  of  friends,  all  of  whom  feel  his  loss  as  a  per-, 
sonal  one.  He  died  at  work,  having  been  stricken  by  heart  failure 
while  at  the  wheel  of  his  car  on  his  way  to  inspect  some  work  in  his 
charge.  His  last  words  were  an  inquiry  as  to  whether  he  was  "on  the 
right  road." 

It  is  difficult  for  the  writer  to  express  his  feelings  at  the  loss  of  a 
friend  such  as  Mr.  Colby  had  been  for  years,  but  it  seems  to  him  that 
any  engineer  who  can  live  as  full  and  useful  a  life  as  Mr.*  Colby  had, 
who  can  become  so  valuable  a  man  to  the  State,  and  can  be  so  uni- 
versally mourned,  has  accomplished  his  life's  work  in  an  enviable 
manner  and  could  well  be  proud  to  die  in  harness  with  his  hand  to 
the  wheel  as  he  did. 

Mr.  Colby  was  elected  a  JNIember  of  the  American  Society  of  Civil 
Engineers  on  January  7th,  1913. 
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CHARLES  LEE  CRANDALL,  M.  Am.  Soc.  C.  E.* 


Died  August  25th,  1917. 


Charles  Lee  Crandall  was  bom  on  a  farm  near  Bridgewater,  N.  Y., 
on  July  20tli,  1850.  He  prepared  for  college  at  Whitestown  Seminary, 
Whitestown,  N.  Y.  At  the  opening  of  Cornell  University  his  father 
purchased  a  farm  at  Ithaca,  N.  Y.,  the  seat  of  that  institution,  and 
moved  there  to  educate  his  children.  This  was  ever  afterward  Mr. 
CrandalFs  home.  He  entered  Cornell  as  a  freshman  in  1868,  and  was 
graduated  in  Civil  Engineering  with  the  class  of  1872,  the  first  four- 
year  class. 

After  two  years  of  professional  practice  in  geodetic  and  railroad 
work,  on  returning  to  Cornell  for  advanced  study,  he  was  induced  by 
Professor  Fuertes,  then  head  of  the  department  of  Civil  Engineering, 
to  act  as  Assistant  in  teaching,  while  pursuing  his  advanced  work; 
and  at  that  time  these  two  men  were  the  entire  instructing  force  in 
that  department. 

On  August  20th,  1878,  Professor  Crandall  married  Miss  Myra  G. 
Robbins,  of  Bridgewater,  N.  Y.,  who  survives  him.  Their  home  life 
was  ever  ideal,  and  their  mutual  devotion  complete.  To  the  "boys" 
of  the  College  of  Civil  Engineering  their  home  was  a  refuge  to 
which  they  could  turn,  and  return,  for  advice,  for  inspiration,  and 
for  substantial  aid. 

Professor  Crandall's  first  teaching  was  in  descriptive  geometry. 
One  of  the  writers  was  of  his  first  class,  and  his  recollection  remains 
yet  most  keen  of  that  earnest,  honest,  modest  face.  He  was  more 
the  elder  brother  than  the  professor.  In  our  boy  parlance  we  pro- 
nounced him  "all  right",  that  first  term,  and  have  loved  him  ever  since. 
As  a  teacher  of  field  work  there  has  never  been  his  equal.  His  students 
have  proved  this  in  their  life  work,  especially  when  first  leaving  his 
instruction.  In  those  early  days  each  professor  was  obliged  to  teach 
many  subjects.  Professor  Crandall's  principal  work  was  in  geodesy 
and  railroads,  but  he  taught  all  field  work  throughout  the  student's 
training. 

In  1875*  he  was  made  Assistant  Professor.  In  1876  he  took  his 
degree  of  Master  of  Civil  Engineering,  and  in  1891  was  appointed 
Associate  Professor.  He  was  advanced  to  the  position  of  full  Professor 
in  1895,  and  from  1902  to  1906  was  Professor  in  Charge  of  the  Col- 
lege of  Civil  Engineering.  In  1915,  having  reached  the  age  of  retire- 
ment, he  was  made  Professor  Emeritus. 

*  Memoir  prepared  by  the  following  Committee  :  Willard  Beahan  and  James  H. 
Edwards,  Members,  Am.  Soc.  C.  E.,  and  Irving  P.  Church,  Assoc.  Am.  Soc.  C.  E. 
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The  following  is  from  an  obituary  notice  of  Professor  Crandall:* 

"Professor  Crandall  retained  a  warm,  almost  parental,  interest  in 
the  graduates  of  the  College  of  Civil  Engineering.  Through  a  cor- 
respondence bureau,  which  he  conducted  for  many  years,  he  obtained 
professional  employment  for  many  of  these  men.  He  kept  the  alumni 
records  of  the  college,  which  were  a  model  of  accuracy  i.nd  complete- 
ness. The  Cornell  Society  of  Civil  Engineers  gave  a  dinner  in  his 
honor  in  New  York  City  in  January,  1916,  and  established  the  Charles 
Lee  Crandall  Prize  in  the  College  of  Civil  Engineering,  besides  having 
his  portrait  painted,  which  was  presented  to  the  University  in  June, 
1916." 

Professor  Crandall's  authorship  of  technical  books  embraces  a 
number  of  works,  on  a  variety  of  subjects,  prepared  for  the  use  of 
his  students.  His  well-known  "Text-Book  on  Geodesy  and  Least 
Squares"  was  published  in  1907,  and  "Tables  for  the  Computation  of 
Railway  and  Other  Earthwork"  first  appeared  in  1886,  reaching  a  fifth 
edition  in  1916.  He  also  prepared  "Notes  on  Descriptive  Geometry" 
and  "Notes  on  Shades,  Shadows,  and  Perspective".  The  "Transition 
Curve"  was  first  published  in  1893,  a  second  edition  in  1899,  and  was 
incorporated  as  a  special  chapter  in  the  "Field  Book  for  Railroad 
Surveying",  of  which  Professors  Crandall  and  Barnes  were  joint 
authors.  "Railroad  Construction",  also  by  these  two  men  jointly,  was 
published  in  1913.  In  addition  to  these  books,  Professor  Crandall 
contributed  many  articles  to  engineering  periodicals. 

The  following  is  taken  from  an  articlef  by  F.  A.  Barnes,  Assoc. 
M.  Am.  Soc.  C.  E.,  Professor  Crandall's  colleague  in  the  College  of 
Civil  Engineering  at  Cornell: 

"Professor  Crandall  was  a  member  of  the  honorary  scientific  society, 
Sigma  Xi,  since  1887,  and  of  the  honorary  society  of  Tau  Beta  Pi 
since  the  formation  of  a  chapter  at  Cornell  a  few  years  ago.  He  was 
also  a  member  of  the  Civil  Engineering  Society,  Semaphore,  and  of 
the  Zodiac  Fraternity." 

"As  a  member  of  many  engineering  and  scientific  societies  and 
other  organizations,  Professor  Crandall  took  an  active  interest  in  their 
work.  *  *  *  He  was  a  member  of  the  Society  for  the  Promotion 
of  Engineering  Education  from  its  foundation  in  1893,  served  as  its 
President  in  1906,  and  had  since  been  on  its  Council  as  a  Past-Presi- 
dent, ex  officio.  At  the  time  of  his  death  he  was  also  one  of  its  repre- 
sentatives on  the  Joint  Committee  on  Engineering  Education." 

"But  perhaps  his  best  and  most  extensive  committee  work  was 
on  the  Committee  on  Iron  and  Steel  Structures  of  the  American  Rail- 
way Engineering  Association,  on  which  he  had  served  since  he  joined 
the  Association  in  1901,  a  year  or  two  after  its  foundation.  Since 
1907  he,  with  Professor  F.  E.  Turneaure,  Dean  of  the  College  of 
Engineering   of   the  University   of  Wisconsin,   and   others,   had   been 

♦  Cornell  Alumni  Neros,  September,  1917,  p.  479. 
t  Cornell  Civil  Engineer,  October,  1917,  pp.  1-8. 
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investigating  the  question  of  impact  on  railroad  bridges.  Several  sum- 
mer trips  had  been  made  for  the  purpose  of  securing  experimental 
data,  and  plans  had  already  been  made  for  another  in  September,  1917. 
The  data  already  obtained  had  been  worked  up,  and  a  new  impact 
formula  based  on  the  results  had  been  devised." 

"Professor  Crandall  was  ever  mindful  of  his  civic  responsibilities, 
and,  because  of  his  intimate  knowledge  of  the  city,  obtained  through 
his  long  term  of  service  as  City  Engineer,  was  often  called  upon  by 
the  authorities  for  advice.  He  had  served  on  the  Sewer  Commission, 
was  a  member  of  the  committee  appointed  to  revise  the  charter  a 
few  years  ago,  and  was  serving  a  term  as  Commissioner  of  Public 
Works  at  the  time  of  his  death." 

The  following  paragraph  forms  a  portion  of  the  resolutions  adopted 
by  the  Cornell  University  Faculty,  in  June,  1915,  on  the  occasion  of 
Professor  Crandall's  retirement  from  teaching: 

"But  what  was  probably  Professor  Crandall's  greatest  usefulness 
was  the  result  of  his  high  unselfish  character.  His  whole  life  had 
been  given  to  the  devoted  service  of  his  associates  and  of  his  students. 
Graduates  of  the  College  of  Civil  Engineering  have  no  memories  that 
do  not  include  a  feeling  of  affection  and  thankfulness  to  Professor 
Crandall.  Of  kindly  disposition  and  practical  sound  sense,  sympa- 
thetic in  his  intercourse  with  students,  quiet  and  modest  in  manner, 
but  with  strong  convictions  as  to  truth  and  justice  in  any  matter 
brought  before  him,  and  always  ready  to  sacrifice  personal  interests 
in  following  the  dictates  of  duty,  Professor  Crandall  had  won  the 
warm  esteem  of  all  who  had  come  within  the  circle  of  his  influence 
during  his  two  score  years  of  service  at  Cornell." 

Professor  Crandall  was  elected  a  Junior  of  the  American  Society 
of  Civil  Engineers  on  June  7th,  1876,  and  a  Member  on  October  5th, 
1892. 
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JAMES  AUBREY  DAYENPORT,  M.  Am.  Soc.  C.  E.* 


Died  March  15tii,  1918. 


James  Aubrey  Davenport  was  born  at  Athens,  N.  Y.,  on  February 
27th,  1858.  He  received  his  early  education  from  a  private  tutor. 
After  some  engineering  training,  he  entered  the  employ  of  the  Shenan- 
doah Valley  Railroad  Company,  with  headquarters  at  Charlestown, 
AV.  Va.,  serving  as  Chainman,  Rodman,  and  Instrumentman,  in  1878, 
1879,  and  1880,  when  he  was  made  Assistant  Engineer.  He  remained 
with  the  Company  in  that  capacity  until  the  completion  of  the  line 
to  Roanoke,  Va.,  in  1881. 

He  was  then  appointed  Assistant  Engineer  on  the  Norfolk  and 
Western  Railroad  and,  as  Resident  Engineer,  had  charge  of  important 
work  in  connection  with  the  grading  of  grounds  and  construction  of 
buildings  for  the  Roanoke  Machine  Works,  a  subsidiary  of  the  Nor- 
folk and  Western  Railroad  Company,  now  known  as  the  Roanoke 
Shops  of  that  Company.  From  1885  to  1887,  he  was  employed  as 
Assistant  Engineer  on  surveys  for  the  Railway  Company. 

From  1887  to  1890,  Mr.  Davenport  served  as  Roadmaster  and 
Division  Engineer;  on  maintenance  of  way,  on  the  Richmond  and 
Danville  Railroad  (now  the  Southern  Railway).  In  1890,  he  was 
transferred  from  the  Western  North  Carolina  Division  to  the  Georgia 
Pacific  Division,  of  the  same  road,  where  he  remained  as  Division 
Engineer  on  maintenance  of  way  until  1895,  when  he  was  appointed 
Assistant  Engineer  on  the  construction  of  the  Central  of  Georgia  Railway. 
-1  In  1900,  Mr.  Davenport  returned  to  the  Norfolk  and  Western  Rail- 
road as  Assistant  Engineer,  and  was  put  in  charge  of  work,  under 
W.  W.  Coe,  M.  Am.  Soc.  C.  E.,  then  Chief  Engineer,  incident  to 
railway  surveys  and  double-tracking.  On  January  1st,  1903,  Charles 
S.  Churchill,  M.  Am.  Soc.  C.  E.,  succeeded  Mr.  Coe  as  Chief  Engineer, 
and  Mr.  Davenport  was  continuously  employed,  imder  the  Chief  Engi- 
neer of  the  Norfolk  and  Western  Railway,  in  charge  of  heavy  tunnel 
work  and  double-track  and  branch  line  construction  of  importance, 
until  September,  1916,  when  he  was  granted  an  indefinite  leave  of 
absence  on  account  of  ill  health.  He  died  at  his  home  in  Roanoke,  Va., 
on  March  15th,  1918,  and  was  buried  at  Charlestown,  W.  Va.  He  is 
survived  by  his  wife  and  four  sons. 

In  the  record  of  his  services  to  the  Norfolk  and  Western  Railroad, 
it  is  stated  that  Mr.  Davenport  was  "a  most  faithful  and  competent 
employee",  and  that  he  performed  his  duties  as  Assistant  Engineer 
with  ability  and  fidelity  to  his  employers. 

Mr.  Davenport  was  elected  a  Member  of  the  American  Society  of 
Civil  Engineers  on  April  5th,  1905. 

*  Memoir  prepared  by  the  Secretary  from  information  on  file  at  the  Headquarters 
of  the  Society. 
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HARRY  MADERA  GOULD,  M.  Am.  Soc.  C.  E.* 


Died  September  30th,  1917. 


Harry  Madera  Gould,  the  son  of  John  E.  and  Cora  D.  Gould,  was 
born  at  Worthville,  Ky.,  on  April  12th,  18Y2.  He  received  his  grammar 
and  high  school  education  at  Worthville  and  Louisville,  Ky.,  and  was 
grnduated  from  Rensselaer  Polytechnic  Institute,  in  the  class  of  1895, 
with  the  degree  of  Civil  Engineer. 

He  entered  railroad  work  with  the  "Big  Four"  Railroad  at  Louis- 
ville, Ky.,  but  moved  to  Colorado,  where  he  was  engaged  for  a  while  in 
mining  work.  In  189Y,  he  was  employed  by  the  Louisville  and  Nash- 
ville Railroad  Company  as  Assistant  Engineer.  From  1898  to  1905, 
he  was  associated  with  his  father  in  the  erection  of  steel  bridges, 
principally  railroad  structures,  and,  from  1906  to  1908,  he  was  Secretary 
and  Treasurer  of  the  Gould  Construction  Company,  doing  the  same 
class  of  work.  In  1907  and  1908  the  Gould  Construction  Company,  in 
conjunction  with  the  Foster  and  Creighton  Company,  erected  the 
two  steel  and  concrete  highway  bridges  over  the  Cumberland  River  at 
Nashville,  Tenn.,  and  Mr,  Gould  was  General  Manager  of  the  work. 
From  1909  to  1914  he  was  Vice-President  and  General  Manager  of 
the  Foster-Creighton-Gould  Company,  during  which  time  the  company 
built  the  Kentucky  and  Indiana  Railroad  bridge  foundation  in  the 
Ohio  River,  at  Louisville,  erected  the  Fort  Sraith  and  Van  Buren 
Highway  Bridge  superstructure  across  the  Arkansas  River,  built  the 
Louisville  and  Nashville  Railroad  Bridge  complete  across  the  Cumber- 
land River,  at  Nashville,  and  a  number  of  railroad  bridges  and  other 
structures.  From  1915  to  1917  he  was  President  of  Gould  Contracting 
Company,  doing  steel  erection  and  foundation  work,  having  just  com- 
pleted a  power  dam  across  Caney  Fork  River,  Tennessee;  he  had 
also  been  engaged  on  the  construction  of  the  Hydes  Ferry  Bridge  over 
the  Cumberland  River,  at  Nashville,  Tenn.,  now  nearing  completion. 

Mr.  Gould  had  been  in  bad  health  for  several  months  and  died  at 
Nashville,  Tenn.,  on  September  30th,  1917.  His  wife  and  one  child 
survive  him. 

He  had  been  a  member  of  the  Engineering  Association  of  the 
South  (now  the  Engineering  Association  of  Nashville)  since  May,  1903, 
and  had  served  as  a  Director  and  as  President.  He  was  a  man  of 
high  business  principles  and  ability,  whom  not  only  his  friends,  but 
the  community,  will  miss. 

Mr.  Gould  was  elected  a  Member  of  the  American  Society  of  Civil 
Engineers  on  November  30th,  1909. 

*  Memoir  prepared  by  C.  B.  Wilson,  M.  Am.  Soc.  C.  E. 
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HENRY  AUGUSTUS  HERRICK,  M.  Am.  Soc.  C.  E.* 


Died  December  14th,  1917. 


Henry  Augustus  Herrick  was  born  on  November  2Gtb,  1861,  in 
Brooklyn,  N.  Y.  His  parents,  Henry  Walker  Herrick  and  Clarissa 
Harlow  Parkinson,  moved  to  Manchester,  N.  H.,  when  he  was  four 
years  old.  He  was  educated  in  the  public  schools  in  Manchester,  and 
was  graduated  from  the  High  School  at  the  age  of  nineteen. 

His  first  work  after  graduation  was  with  the  Amoskeag  Manufac- 
turing Company,  at  Manchester,  in  connection  with  the  design,  con- 
struction, and  equipment  of  cotton  mills.  He  was  later,  in  succession, 
engaged  in  similar  work  at  the  Methuen  Mills,  Methuen,  Mass.,  at 
Willimantic,  Conn.,  with  F.  P.  Sheldon,  Mill  Engineer,  Providence, 
R.  I.,  and  at  the  Schuylerville  Mills. 

In  1890  he  went  to  Spokane,  Wash.,  where  he  supervised  the  con- 
struction of  the  dam  and  power  station  of  the  Washington  Water  Power 
Company,  which  is  still  in  operation. 

On  January  14th,  1891,  Mr.  Herrick  was  married  and  went  to  Great 
Palls,  Mont.,  where  he  designed  and  supervised  the  construction  of  the 
power  plant  for  the  Boston  and  Montana  Smelter. 

In  the  latter  part  of  1895  he  became  associated  with  Dean  and 
Main,  Engineers,  and  was  engaged  in  the  design  and  supervision  of 
construction  of  many  textile  and  other  industrial  plants,  and,  with 
the  dissolution  of  this  firm  in  1907,  he  continued  his  association  with 
the  writer. 

The  most  interesting,  valuable,  and  effective  work  was  done  by 
Mr.  Herrick  in  the  last  10  years  of  his  life,  during  which  he  had 
charge  of  the  design  and  construction  of  some  of  the  largest  and 
best  hydro-electric  developments  in  the  country,  namely,  the  Rainbow 
Falls  development  and  the  Great  Falls  development,  on  the  Missouri 
River  near  Great  Falls,  Mont.,  the  Thompson  Falls  development,  on 
Clarks  Fork  of  the  Columbia  River,  at  Thompson  Falls,  Mont.,  and 
he  was  just  nearing  the  completion  of  his  work  on  the  Holter  develop- 
ment, near  Helena,  Mont.,  when  he  was  stricken  by  heart  failure 
and  died  immediately.  All  these  developments  formed  a  part  of  the 
system  of  the  Montana  Power  Company,  and  aggregated  about 
250  000  h.  p. 

During  the  time  that  the  foregoing  work  was  in  progress,  and 
between  the  ending  of  one  and  the  beginning  of  another  undertaking, 
he  made  many  examinations  and  reports  on  other  projects,  and  acted 
as  Consulting  Engineer  on  several. 

*  Memoir  prepared  by  Charles  T.  Main,  M.  Am.  Soc.  C.  E. 
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Mr.  Herrick  had  developed  a  systematic  analysis  of  dams,  based 
on  his  many  years  of  close  study  and  experience  in  designing  such 
structures.  All  the  many  fundamentals,  such  as  geological  formation, 
seepage,  drainage,  upward  pressure,  shock  and  dissipation  of  energy 
due  to  overflow,  flood  conditions,  etc.,  received  proper  consideration 
in  his  analysis. 

His  early  training  in  design  and  construction  enabled  him  to 
design  the  buildings  for  power  stations  in  a  most  acceptable  manner, 
and  he  mastered  the  electrical  problems  with  great  ease. 

He  was  a  great  student  and  a  fine  mathematician.  He  was  one 
of  the  best  types  of  self-educated  engineers.  His  character  was  of 
the  highest,  and  his  dealings  with  men  -above  and  below  him  were 
always  characterized  with  fine  courtesy  and  uprightness. 

His  principal  recreation  was  trap  and  target  shooting,  hunting, 
and  fishing,  and  he  took  as  much  pleasure  in  anticipation  of  outings 
as  in  the  rare  actual  experiences  which  his  busy  life  allowed  to  him. 

He  was  a  member  of  the  Boston  Society  of  Civil  Engineers,  the 
Engineers  Club,  of  Boston,  the  Fresno  Club,  of  Fresno,  Cal.,  the 
Silver  Bow  Club,  of  Butte,  Mont.,  and  other  societies. 

Mr.  Herrick  was  elected  a  Member  of  the  American  Society  of 
Civil  Engineers  on  May  7th,  1890. 
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OLIVER  ZELL  HOWARD,  M.  Am.  Soc.  C.  E.* 


Died  December  20th,  1917. 


Oliver  Zell  Howard  was  born  in  Kaleigh,  N.  C,  on  December  6th, 
1876.  He  was  graduated  from  Lehigh  University  in  the  Class  of  1897, 
with  the  degree  of  M.  E. 

Immediately  after  his  graduation  in  June,  1897,  Mr.  Howard  was 
appointed  Draftsman  in  the  Engineering  Department  of  the  Newport 
News  (Va.)  Shipbuilding  and  Dry  Dock  Company,  where  he  remained 
until  January,  1900,  at  which  time  he  became  Draftsman  for  the 
Baltimore  (Md.)  Copper  Smelting  and  Eefining  Company,  in  charge 
of  rolling  mill  construction  and  repair. 

From  November,  1900,  to  August,  1901,  Mr.  Howard  was  engaged 
as  Draftsman  in  the  Marine  Department  of  the  Maryland  Steel  Com- 
pany, at  Sparrows  Point,  Md.,  on  the  design  of  traveling  towers  for 
ship  construction. 

From  August,  1901,  to  April,  1902,  he  was  connected  with  the 
Bureau  of  Construction  and  Repair  of  the  United  States  Navy  Depart- 
ment, as  Draftsman  in  charge  of  the  design  of  auxiliary  machinery, 
but  resigned  that  position  to  become  Instructor  in  the  Department 
of  Marine  Engineering  and  Naval  Construction,  at  the  United  States 
Naval  Academy,  at  Annapolis,  Md.  He  also  had  charge  of  the  general 
layout,  the  preparation  of  the  specifications,  and  the  installation  of 
the  mechanical  and  electrical  equipment  of  the  new  Marine  Engineering 
Building  at  the  Academy,  and  assisted  the  officer  in  charge  of  the 
Department  in  preparing  textbooks  on  marine  engines  and  machinery 
and  on  the  mechanical  processes  pertaining  thereto  for  use  at  the 
Academy. 

From  August,  1906,  to  February,  1912,  Mr.  Howard  was  engaged 
as  Mechanical  Engineer  and  Civilian  Assistant  to  the  Head  of  the 
United  States  Naval  Engineering  Experiment  Station  at  Annapolis, 
Md.,  and  had  charge  of  the  design,  inspection,  and  installation  of 
the  mechanical  and  electrical  equipment  during  the  construction  of 
the  station  buildings,  having  charge,  after  their  completion,  of  all  the 
electrical  and  mechanical  tests  conducted  at  the  Station. 

In  February,  1912,  he  was  appointed  Assistant  Chief  Engineer  of 
The  Griscom-Russell  Company,  of  New  York  City,  which  position 
he  retained  until  March,  1914.  During  this  time  he  designed  and 
built  garbage  disposal  plants  for  Halifax,  N.  S.,  and  Berkeley,  Cal., 
and  a  refuse  disposal  plant  for  Pittsburgh,  Pa.,  etc. 

*  Memoir  prepared  by  the  Secretary  from  information  on  file  at  the  Headquarters 
of  the  Society. 
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In  March,  1914,  he  established  himself  in  private  practice,  as  a 
Consulting  Engineer  with  an  office  in  New  York  City.  Among  other 
work  he  designed  and  constructed  a  chemical  plant  for  the  Diamond 
Match  Company,  at  Wilmington,  Cal.,  as  well  as  a  chemical  plant  for 
the  manufacture  of  potash  for  the  Salt  Lake  Chemical  Company,  at 
Burmester,  Utah. 

Early  in  1917,  Mr.  Howard  was  employed  as  Supervising  Engineer 
by  the  Diamond  Match  Company,  with  headquarters  in  New  York 
City,  which  position  he  retained  imtil  his  death  on  December 
20th,  1917. 

He  was  a  member  of  the  American  Society  of  Mechanical  Engineers, 
the  American  Institute  of  Electrical  Engineers,  and  the  Society  of 
Naval  Architects  and  Marine  Engineers. 

Mr.  Howard  was  elected  an  Associate  Member  of  the  American 
Society  of  Civil  Engineers  on  February  28th,  1911,  and  a  Member 
on  May  15th,  1917. 


MEMOIK   OF   CLARENCE   BOOTH   LAMONT  1691 

CLARENCE  BOOTH  LAMONT,  M.  Am.  Soc.  C.  E* 


Died  March  21st,  1918. 


Clarence  Eootli  Lament  Avas  born  in  Van  Etten,  N.  Y.,  on 
February  23d,  1877,  bis  parents  having  been  Clarence  Lament  and 
Iva  A.  Booth  Lamont.  After  receiving  a  common  school  education, 
he  entered  Cornell  University,  from  which  he  was  graduated  in  1900, 
with  the  degree  of  Mechanical  Engineer. 

Before  going  to  college  Mr.  Lamont  had  evinced  a  strong  interest 
in  machinery  and  mechanical  work.  Erom  June,  1894,  to  September, 
1896,  he  had  been  engaged  with  the  Singer  Manufacturing  Company 
on  general  office  work  and  as  Assistant  on  construction,  and,  during 
his  college  vacations,  he  found  employment  at  Cramp's  Shipyards, 
at  Philadelphia,  Pa.,  and  in  other  shops.  All  this  practical  training 
was  of  great  benefit  to  him  in  his  theoretical  work  in  college,  and 
provided  him  with  splendid  equipment  for  his  future  career. 

After  his  graduation  Mr.  Lamont  began  work  at  the  great  ship- 
building and  engineering  plant  of  the  Union  Iron  Works,  at  San  Eran- 
cisco,  Cal.,  which,  even  at  that  time  (1900),  was  the  best  organized 
and  equipped  plant  of  the  kind  on  the  Pacific  Coast.  His  work  in 
designing  for  this  Company  continued  from  July,  1900,  to  Eebruary, 
1901,  and  the  experience  gained  in  this  capacity  enabled  him  to  make 
rapid  progress  in  subsequent  work.  He  then  entered  the  service  of 
the  Government  as  Hull  Draftsman  for  the  United  States  Navy 
Department,  where  he  was  employed  until  May,  1901. 

The  expansion  of  the  plant  of  the  Moran  Brothers  Company,  at 
Seattle,  Wash.,  where  the  battleship  NehrasTca  was  built,  gave  Mr. 
Lamont  a  great  opportunity.  He  entered  the  employ  of  that  Company 
in  June,  1901,  as  Assistant  Engineer  and  Designer  in  charge  of  sev- 
eral other  designers,  and  his  intelligent  work  was  no  small  factor  in 
the  development  of  the  present  great  works. 

The  Company  operating  the  White  Pass  and  Yukon  Railway, 
running  from  Skagway,  Alaska,  to  White  Horse,  on  the  Yukon  River, 
owned  a  large  fleet  of  stern-wheel  steamboats  which  ran,  during  the 
summer,  from  the  latter  point  to  Dawson,  Yukon  Territory,  and,  from 
February  to  November,  1902,  Mr.  Lamont  was  engaged  as  Assistant 
Superintending  Engineer  of  the  River  Division  of  the  Railway  Com- 
pany on  new  construction  work  and  the  betterment  of  the  boats  in 
operation.  Thus,  it  was  a  logical  step  in  advance  when,  in  October,  1902, 
he  accepted  the  position  of  Port  Engineer  for  the  great  fleet  of  the 
Pacific  Coast  Steamship  Company,  which  has  its  headquarters  at 
Seattle.  He  remained  with  this  Company  until  March,  1904,  having 
•  Memoir  prepared  by  Charles  Evan  Fowler,  M.  Am.  Soc.  C.  E. 
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had  the  supervision  of  from  10  to  14  ocean-going  ships,  and  showed 
much  ability  in  obtaining  the  greatest  efficiency  in  operation.  Among 
the  many  devices  for  the  transmission  of  power  on  vessels,  which  he 
worked  out  during  this  period,  was  an  invention  for  absorbing  the 
propeller  shock  on  ships  driven  by  screw  propellers,  which  permitted 
an  increase  in  speed  without  damage  to  the  framework  of  the  vessel. 

Having  to  do  with  commercial  affairs  in  his  steamship  work,  he 
became  attracted  to  pure  business,  and,  during  a  portion  of  1904,  acted 
as  Manager  of  the  Seattle  Branch  of  the  Plant  Rubber  Supply  Com- 
pany. This  experience  resulted  in  the  formation  of  the  Pacific  Engi- 
neering Company,  of  which  he  was  President,  having  as  his  associates, 
G.  Roschke,  Assoc.  M.  Am.  Soc.  C.  E.,  and  Mr.  Frank  W.  Hibbs,  who 
had  previously  served  as  a  Naval  Constructor  for  the  United  States 
iSTavy  Department.  The  firm  was  engaged  in  the  supply  business 
and  also  in  general  contracting,  in  which  latter  work  Mr.  Lament 
showed  the  greatest  initiative  and  adaptability.  Among  the  important 
contracts  handled  by  the  firm  were  the  large  ocean  docks  or  wharves 
at  Portland,  Ore.,  for  the  Spokane,  Portland,  and  Seattle  Railway. 
This  railway  is  commonly  known  as  the  North  Bank  Road,  and  is  a 
low-grade  line  running  from  the  East  down  the  Columbia  River  into 
Portland,  requiring  the  docks  for  handling  its  ocean  commerce.  This 
contract  was  carried  out  in  a  very  efficient  and  skillful  manner,  and 
placed  Mr.  Lament  in  the  front  rank  of  constructors  in  the  Northwest. 

In  the  meantime  the  Moran  Shipbuilding  Plant  had  been  financed 
by  Eastern  capital,  and  had  become  the  present  great  Seattle  Con- 
struction and  Dry  Dock  Corapany.  Mr.  Lament  was  asked  to  return 
to  its  management,  which  he  did  in  November,  1908,  as  Assistant  to 
the  President.  The  Company  was  handling  about  $2  000  000  worth 
of  shipbuilding  and  ship  repair  work  annually,  and  he  assisted  in  a 
large  way  in  building  up  the  efficiency  of  the  works  to  its  present 
standing  as  one  of  the  most  dependable  plants  engaged  in  war-time 
shipbuilding.  Mr.  Lament  made  many  trips  to  Washington,  D.  C,  in 
the  interest  of  the  Corporation  and  was  successful  in  securing  from 
the  Government  many  large  contracts  for  warships. 

During  this  period  many  important  engagements  came  to  him  as 
Consulting  Engineer,  including  that  of  Trustees'  Engineer  for  the 
White  Pass  and  Yukon  Route,  and  nothing  speaks  more  in  praise 
of  his  ability  and  energy  than  his  re-employment  by  two  great  cor- 
porations for  which  he  had  previously  worked.  He  resigned  his  position 
with  the  Seattle  Construction  and  Dry  Dock  Company  in  1915  and 
organized  the  firm  of  C.  B.  Lament,  Incorporated,  for  carrying  out 
large  projects  and  acting  as  consulting  engineers.  He  was  one  of  the 
organizers  of  the  Skinner  and  Eddy  Shipbuilding  Corporation,  of 
Seattle,  one  of  the  first  firms  to  enter  the  business  of  building  steel 
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cargo  vessels  for  the  Allies,  and,  to  a  great  extent,  the  wonderful  records 
made  by  this  firm  were  due  to  his  ability  and  foresight. 

He  was  engaged  in  such  work  in  an  energetic  and  forceful  way  up 
to  the  time  of  his  death,  and,  although  business  occupied  much  of  his 
time,  he  never  failed  to  take  great  interest  in  public  affairs  and  in 
social  life.  He  was  one  of  the  organizers  of  the  Seattle  Hunt  Club, 
and  was  a  great  horseback  rider  and  a  most  enthusiastic  sportsman 
and  hunter.  He  was  also  a  member  of  the  Seattle  Golf  and  Country 
Club,  the  Rainier  Club,  the  Seattle  Athletic  Club,  the  Seattle 
Chamber  of  Commerce,  the  Union  Club  of  Tacoma,  Wash.,  and  the 
Chevy  Chase  and  Metropolitan  Clubs  of  Washington,  D.  C. 

Mr.  Lamont  was  married  in  1908  to  Miss  Maud  Hahn,  who  survives 
him.  Mrs.  Lamont  was  a  great  help  to  her  husband  and  shared  in  his 
leadership  of  many  social  affairs. 

The  best  monument  he  has  left  behind  is  the  unswerving  regard 
of  his  business  associates  and  the  undying  devotion  of  his  friends. 
The  Engineering  Profession  has  suffered  a  distinct  loss  by  his  untimely 
death  which  came  suddenly  from  pneumonia,  on  March  21st,  1918, 
in  the  busiest  period  of  his  life,  when  he  was  just  past  his  forty-first 
birthday,  and  with  his  life  a  success:  ,{ 

"For  this  is  Art's  true  indication. 
When  skill  is  minister  to  thought, 
When  types  which  are  the  mind's  creation. 
The  hand  to  perfect  form  hath  wrought." 

Mr.  Lamont  was  elected  an  Associate  Member  of  the  American 
Society  of  Civil  Engineers  on  May  4th,  1909,  and  a  Member  on 
June  24th,  1914. 
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FRANKLIN  BUCHANAN  LOCKE,  M.  Am.  Soc.  C.  E.* 


Died  May  11th,  1917. 


Franklin  Buchanan  Locke  was  born  at  Hampton,  N.  H.,  on  Febru- 
ary 23d,  1857.  He  came  of  New  England  ancestry  and  was  a  lineal 
descendant  of  Captain  John  Locke,  described  as  a  man  of  prominent 
position  among  the  early  settlers  of  New  Hampshire,  who  was  killed 
by  the  Indians  in  1696. 

Franklin  Buchanan  Locke  received  his  engineering  education  at  the 
Massachusetts  Institute  of  Technology,  where  he  was  a  member  of  the 
class  of  1877.  He  discontinued  his  course,  after  three  years,  however, 
to  engage  in  the  work  of  construction  of  the  Hoosac  Tunnel.  His  elder 
brother,  the  late  Augustus  W.  Locke,  M.  Am.  Soc.  C.  E.,  also  an  emi- 
nent engineer,  was  engaged  on  the  same  work,  and,  after  the  comple- 
tion of  the  tunnel,  became  Superintendent  of  the  Troy  and  Greenfield 
Railroad.  Franklin  Buchanan  Locke  was  Assistant  Engineer  on  the 
tunnel  until  1881,  at  which  time  he  formed  a  partnership  with  his 
brother,  and  the  firm  became  known  as  perhaps  the  leading  engineering 
firm  of  Western  Massachusetts. 

Mr.  Locke's  work  was  of  great  variety,  covering  the  fields  of  rail- 
road, municipal,  and  even  mining,  engineering.  One  of  his  earliest 
engagements  was  as  Engineer  for  the  extension  of  the  water-works  and 
drainage  system  of  North  Adams,  Mass.  He  also  had  charge  of  the 
double-tracking  of  the  State  road  east  of  the  Hoosac  Tunnel,  and  of 
the  masonry. 

In  1881-82  he  was  Principal  Assistant  Engineer  on  the  Buffalo, 
Rochester  and  Pittsburg  Railway,  on  that  portion  of  the  line  between 
Salamanca,  N.  Y.,  and  Ridgway,  Pa.  He  did  some  valuable  and  inter- 
esting location  work  on  the  Moimtain  Division,  south  of  Bradford,  Pa., 
through  a  country  parallel  to  the  line  of  the  Erie  Railroad  over  the 
Kinzua  Viaduct.  He  resigned  this  position,  owing  to  poor  health,  and 
spent  some  time  traveling  in  Europe,  visiting  most  of  the  great  Alpine 
tunnels  and  inspecting  European  railways.  Returning  to  the  United 
States,  he  became  Engineer  of  Maintenance  of  Way  of  the  Troy  and 
Greenfield  Railroad,  which  embraces  the  Hoosac  Tunnel.  He  was  also 
Chief  Engineer  of  the  Hoosac  Valley  Electric  Railroad,  which  runs 
through  Adams,  North  Adams,  and  Williamstown,  Mass.,  and  of  a 
branch  of  the  Fitchburg  Railroad,  which  he  constructed.  He  also 
investigated  and  reported  on  numerous  railroad  and  mining  properties 
in  the  West,  and,  for  a  time,  was  Engineer  for  the  Michigan  Hydraulic 
Mining  Company  in  Idaho,  as  well  as  for  some  mines  in  Utah.    With 

•  Memoir  prepared  by  George  F.  Swain,  Past-President,  Am.  Soc.  C.  E. 
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his  brother,  Mr.  Locke  became  greatly  interested  in  the  problem  of 
abolishing  railroad  grade  crossings  in  Massachusetts,  and  was  con- 
nected with  projects  for  several  works  of  this  kind. 

Finally  settling  in  North  Adams,  Mass.,  he  held  the  office  of  City 
Engineer  for  a  number  of  terms,  and  also  the  office  of  Commissioner  of 
Public  Works;  indeed,  for  many  years,  he  was  depended  on  to  take  the 
lead  in  the  engineering  work  of  the  city.  While  in  these  positions,  Mr. 
Locke  had  to  do  with  the  construction  of  water-works,  sewers,  roads, 
and  bridges.  He  built  many  roads,  and  was  an  authority  on  their  con- 
struction. He  was,  probably  more  than  any  one  else,  responsible  for 
the  successful  recent  extension  of  the  North  Adams  Water- Works, 
which  he  planned  and  began. 

One  of  Mr.  Locke's  most  recent  activities  was  in  connection  with 
the  location  and  construction  of  the  so-called  "Mohawk  Trail",  a  State 
road  across  the  Berkshire  Hills,  between  North  Adams  on  the  west  and 
the  Deerfield  Valley  on  the  east.  Indeed,  he  was  known  in  the  vicinity 
of  North  Adams  as  "the  Father  of  the  Mohawk  Trail".  Although  he 
started  the  movement  for  this  road  and  surveyed  a  line,  his  route  was 
not  adopted  by  the  State  officials,  although  many  considered  it  the  best 
line ;  but,  at  any  rate,  Mr.  Locke  first  conceived  the  idea  of  this  trail. 

He  had  traveled  much  in  the  United  States  and  abroad,  had  assimi- 
lated his  experience,  and  had  gathered  a  great  deal  of  knowledge.  He 
had  read  widely  and  intelligently.  Some  people  travel  and  read,  but  do 
not  learn ;  Mr.  Locke  was  not  of  this  type.  His  breadth  of  interest  was 
greater  than  that  of  most  engineers.  He  had  an  artistic  nature,  and 
had  even  given  some  attention  to  art.  He  was  modest,  retiring,  and,  if 
he  had  any  fault,  it  was  that  he  did  not  push  himself  to  the  extent  that 
his  ability  warranted,  for  he  was  really  a  man  of  fine  perception,  strong 
common  sense,  and  exceedingly  capable  as  an  engineer.  With  greater 
stimulus,  he  might  have  made  himself  better  known,  and  might  have 
achieved  a  greater  measure  of  what  is  usually,  though  probably  mis- 
takenly, termed  success;  but  he  preferred  the  quiet  retirement  of  his 
home  and  the  society  of  his  friends  and  of  his  books,  and,  probably, 
after  all,  he  derived  in  that  way  a  greater  measure  of  real  satisfaction 
than  falls  to  the  lot  of  those  who  are  more  prominent  or  pushing  in  the 
battle  of  life.  Mr.  Locke  was  sociable,  upright,  hopeful,  courageous,  con- 
scientious, and  true.  He  had  a  high  conception  of  the  calling  of  the 
engineer,  and  no  one  could  ever  say  that  he  had  failed  in  his  duties 
toward  his  fellow-men.  He  made  many  friends  and  lost  few,  and  was 
beloved  by  all  who  knew  him.  His  judgment  was  relied  on  by  all  who 
had  had  opportunity  to  test  it,  and  his  death  has  left  a  vacancy  among 
his  friends  and  in  the  engineering  circles  in  which  he  moved,  which  will 
be  difficult  to  fill.  Even  after  his  health  became  impaired,  his  advice 
was  sought  and  relied  on.  In  his  home  town,  where  his  friends  were 
legion,  he  will  be  sadly  missed,  but  as  long  as  a  good  water  supply 
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and  the  beauties  of  Nature  are  appreciated,  his  name  will  be  held  in 
affectionate  remembrance. 

Mr.  Locke  had  been  in  failing  health  since  1907.  He  had  never  been 
extremely  robust;  nevertheless  he  continued  to  serve  his  State  to  the 
extent  that  his  strength  would  permit.  In  1914,  when  his  health  broke 
down  and  he  had  to  give  up  public  responsibility,  he  resigned  as  Com- 
missioner of  Public  Works.  A  trip  South  benefited  him  for  a  time,  but 
afforded  no  permanent  relief,  and  he  died,  quite  suddenly,  in  a  hospital 
in  Boston,  Mass.,  when  his  friends  thought  he  was  out  of  danger. 

He  was  a  member  of  the  American  Institute  of  Mining  Engineers, 
the  Boston  Society  of  Civil  Engineers,  the  North  Adams  Club,  and 
the  Berkshire  Club. 

Mr.  Locke  was  elected  a  Member  of  the  American  Society  of  Civil 
Engineers  on  March  1st,  1893. 
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JESSE  LOWE,  M.  Am.  Soc.  C.  E.* 


Died  April  17th,  1918. 


Jesse  Lowe  was  born  at  Omaha,  ISTebr.,  on  January  Tth,  1861.  He 
attended  private  and  public  schools  there,  later  going  to  Maryland 
Agricultural  College,  a  military  academy;  then  to  Williston  Seminary, 
at  Easthampton,  Mass. ;  and,  finally,  to  Rensselaer  Polytechnic  Insti- 
tute, at  Troy,  N.  Y.,  from  which  he  was  graduated  in  1885,  with  the 
degree  of  Civil  Engineer. 

After  his  graduation  Mr.  Lowe  was,  for  a  short  time.  Assistant  to 
the  City  Engineer  of  Omaha,  and  Assistant  Engineer  in  locating 
the  Omaha  Belt  Line  Railway,  and  in  the  preliminary  and  location 
surveys  of  the  Missouri  Pacific  Railroad  west  of  Omaha.  In  1886, 
he  was  employed,  at  Lincoln,  Nebr.,  as  Resident  Engineer  of  the 
Missouri  Pacific  Railroad. 

He  went  next  to  Birmingham,  Ala.,  as  Assistant  Manager  of  the 
Birmingham  Bridge  and  Bolt  Works.  In  1887,  he  formed  a  partner- 
ship, at  Omaha,  with  the  late  Andrew  Rosewater,  M.  Am.  Soc.  C.  E., 
and  George  B.  Christie,  M.  Am.  Soc.  C.  E.,  and  was  extensively 
engaged  in  civil  engineering  work  in  the  Middle  West.  The  following 
year  this  firm  was  dissolved,  and  that  of  Christie  and  Lowe,  Civil 
Engineers  and  Contractors,  was  organized  and  continued  until  1913. 
Mr.  Lowe  was  always  an  active  member  of  the  firm,  which  was  engaged 
in  important  engineering  works  in  many  parts  of  the  United  States, 
among  which  were  the  following: 

The  Cable  Street  Railways  at  Denver,  Colo.,  in  1889;  the  cable 
lines  of  the  Cleveland  Street  Railway  Company,  at  Cleveland,  Ohio, 
and  the  street  railways  of  the  Judson  Pneumatic  Railway  Company, 
at  Washington,  D.  C,  in  1890;  the  Montague  Street  Cable  Railway, 
at  Brooklyn,  N.  Y.,  in  1891 ;  the  completion  of  the  cable  system  at 
Denver  in  1892-93;  the  piers  for  the  Bellefontaine  Bluffs  Bridge  over 
the  Missouri  River  and  the  Harlem  Creek  Culvert,  in  St.  Louis,  Mo., 
for  the  Kansas  and  Northwestern  Railroad,  in  1892;  the  Fullerton 
Avenue  Loop,  in  Chicago,  in  1892,  the  first  underground  trolley  line 
in  America;  and  the  V  Street  Railway,  in  Washington,  D.  C,  which 
was  the  first  in  that  city.  The  success  of  this  last  piece  of  work  revolu- 
tionized street  railway  construction,  and  was  the  pioneer  engineering 
work  in  doing  away  with  overhead  electric  wires  and  placing  them 
underground. 

In  1894-95-96,  two  miles  of  the  Chicago  Drainage  Canal  and  the 
Controlling  Works  were  constructed  by  the  firm,  including  the  great 
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bear-trap  dam  which  regulates  the  flow  of  water  from  the  Great  Lakes 
to  the  Gulf.  This  contract  was  awarded  on  merit  for  the  best  design 
submitted  for  the  regulation  of  the  flow  of  water  through  the  canal. 

In  1897,  the  firm  did  railroad  and  bridge  work  for  the  Illinois 
Central  and  Louisville  and  Nashville  Railways;  levee  construction 
on  the  Illinois  River;  and,  in  1899,  bridge  foundations  at  South  Chicago 
for  the  Baltimore  and  Ohio  Railroad. 

From  1898  to  1913,  the  firm  was  engaged  in  river  and  harbor 
improvement  for  the  United  States  Government,  and  completed,  in 
order,  the  jetties  at  Sabine  Pass,  Texas,  at  Calcasieu  Pass,  Louisiana, 
and  at  the  mouth  of  the  St.  Marys  River,  Cumberland  Sound,  Fer- 
nandina,  Fla. ;  locks  and  dams  on  the  Warrior  River,  Alabama ;  jetties 
and  improvement  of  South  West  Pass  of  the  Mississippi  River,  Louisi- 
ana; closing  of  Pass  a  I'Outre  and  Cubits  Gap,  Mississippi  River, 
Louisiana ;  and  sea  walls  at  Fort  Morgan,  and  Fort  Gaines,  Mobile  Bay, 
Alabama. 

Mr.  Lowe  was  always  an  ardent  advocate,  and  a  valiant  champion, 
of  the  Lakes-to-the-Gulf  Deep  Waterway  project,  both  as  to  its  bene- 
ficial bearing  on  the  vast  acreage  of  adjoining  valley  lands  and  for 
the  improvement  of  the  transportation  facilities  from  the  Lake  terri- 
tory to  the  Gulf  ports. 

During  his  later  years  he  was  actively  engaged  in  drainage  and 
reclamation  work  on  the  Illinois  River  and  in  improving  and  managing 
extensive  land  holdings  at  Beardstown,  111. 

Mr.  Lrf)we's  sudden  death,  on  April  17th,  1918,  at  Chicago,  111., 
came  as  a  great  shock  to  his  many  friends.  He  leaves  behind  him, 
from  coast  to  coast,  a  series  of  monuments  which,  for  ages  to  come, 
will  testify  to  his  great  ability  and  success  as  a  civil  engineer  and 
builder. 

He  was  a  member  of  the  Chi  Phi  Fraternity,  Western  Society  of 
Engineers,  Illinois  Society  of  Engineers,  Louisiana  Society  of  Engi- 
neers, and  the  Structural  Engineers  Association  of  Illinois. 

Mr.  Lowe  was  elected  a  Member  of  the  American  Society  of  Civil 
Engineers  on  October  2d,  1895. 
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WILLIAM  McKELVEY  MARPLE,  M.  Am.  Soc.  C.  E.» 


Died  March  20th,  1918. 


William  McKelvey  Marple,  the  son  of  the  Rev,  Abel  Augustus  and 
Harriet  N'eal  (McKelvey)  Marple,  of  Bucks  County,  Pa.,  was  born 
in  Wellsboro,  Pa.,  on  December  7th,  1852.  His  father  was  a  clergy- 
man of  the  Protestant  Episcopal  Church,  and,  in  1863,  the  family 
moved  to  Scranton,  Pa.,  where,  as  Rector  of  St.  Luke's  Church  until 
1877,  he  was  prominently  identified  with  all  the  activities  of  that  city 
and  beloved  by  all  who  knew  him. 

William  McKelvey  Mai-ple  attended  the  public  schools  of  Scranton, 
afterward  studying  Civil  Engineering  at  Lehigh  University. 

In  January,  1870,  he  was  appointed  Chainman  and  Rodman  with 
the  Engineering  Corps  of  the  Coal  Department  of  the  Delaware,  Lacka- 
wanna and  Western  Railroad,  under  Mr.  John  F.  Snyder.  Later,  he 
served,  as  Assistant  Engineer,  in  the  Railroad  Department  of  the  same 
road,  under  the  late  James  Archbald,  M.  Am.  Soc.  C.  E.,  Chief  Engi- 
neer, on  the  construction  of  several  new  branches,  among  which  was 
the  Jessup  and  Winton  Branch. 

In  July,  1879,  Mr.  Marple  was  employed  as  Division  Engineer 
with  the  Chicago  and  Northwestern  Railway,  but  resigned  in  January, 
1880,  to  accept  a  position  as  Mining  Engineer  with  the  Eranklin  Iron 
Manufacturing  Company  of  Clinton,  N.  Y. 

From  August  to  December,  1883,  he  was  engaged  on  surveys  for 
the  Edgerton  Coal  Company  and  from  February,  1884,  to  February. 

1885,  he  was  employed  by  the  Delaware,  Lackawanna  and  Western 
Railroad  Company  on  surveys  and  office  work. 

In  March,  1885,  Mr.  Marple  began  his  service  with  the  Scranton 
Gas  and  Water  Company,  first  as  Assistant  on  svirveys,  until  December, 

1886,  then  as  Assistant  Engineer  on  the  construction  of  dams  and 
reservoirs,  and,  finally,  as  Chief  Engineer,  which  position  he  retained 
until  he  resigned  on  June  1st,  1913,  to  engage  in  private  practice  as 
a  Consulting  Engineer. 

Under  the  broad  and  far-seeing  plans  of  its  President,  the  late 
W.  W.  Scranton,  and  by  his  twenty-eight  years  of  honest,  tireless, 
and  conscientious  work,  and  his  energy,  loyalty,  and  determination  to 
keep  pace  with  its  engineering  possibilities,  Mr.  Marple  built  and  ex- 
panded this  water  system  until,  to-day,  the  City  of  Scranton  possesses 
one  of  the  finest  of  water  supplies.  The  Water  Company  and  its  sub- 
sidiaries cover  a  territory  which  extends  to  Forest  City,  about  23  miles 
north  of  Scranton,  and  it  was  under  Mr.  Marple's  direction,  as  Chief 
Engineer,  that  its  largest  dams  were  designed  and  constructed.    Among 
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these  are  the  Curtis  Dam  (1886-87),  Elmhurst  Dam  (1887-88), 
Williams  Bridge  Dam  (1892-93),  Burnt  Bridge,  or  Lake  Scranton. 
Dam  (1898-99),  and  the  Brownell  Dam,  at  Carbondale,  Pa.  (1905-06). 
All  are  gravity  dams  of  the  best  type  of  hydraulic  masonry,  equipped 
with  the  latest  kinds  of  valves  and  with  modern  masonry  gate  and 
screen  chambers.    • 

In  addition  to  this  storage  and  distribution  system,  Mr.  Marple 
located  and  built  nearly  10  miles  of  macadam  roads  around  the  several 
reservoirs  of  the  Water  Company  and  to  the  summits  of  the  water-shed, 
the  Scrub  Oak  Drive  reaching  an  elevation  of  2  092  ft.,  thus  giving 
to  the  public  magnificent  drives  for  their  enjoyment. 

In  1908,  in  order  to  make  the  supply  of  water  to  the  city  doubly 
sure,  a  tunnel,  7  by  9  ft.  aiid  4  300  ft.  long,  was  driven,  under  Mr. 
Marple's  direction,  in  solid  rock,  through  which  a  48-in.  supply  pipe 
for  conveying  the  water  was  laid.  In  1909,  it  was  found  necessary 
to  treat  the  water  supply  of  Providence,  a  suburb  of  Scranton,  as  it 
came  from  an  inhabited  district  of  the  water-shed,  and  a  filter  plant 
of  the  rapid  sand  gravity  type,  consisting  of  six  units,  each  having 
a  capacity  of  1  000  000  gal.,  was  constructed  under  Mr.  Marple's  super- 
vision. 

During  his  long  service  as  Chief  Engineer  of  the  Scranton  Water 
and  Gas  Company,  Mr.  Marple  had  associated  with  him,  in  a  con- 
sulting capacity,  such  men  as  the  late  Alphonse  Fteley  and  J.  James  R. 
Croes,  Past-Presidents,  Am.  Soc.  C.  E.,  the  late  E.  Sherman  Gould, 
M.  Am.  Soc.  C.  E.,  and  others  of  equal  prominence. 

Mr.  Marple  continued  in  private  practice  as  a  Consulting  Engineer 
until  he  was  compelled  to  retire  in  1917  on  account  of  failing  health. 
He  had  been  confined  to  his  bed  for  several  months  previous  to  his 
death,  but  was  a  patient  sufferer  at  all  times  and  most  thoughtful 
toward  all  who  cared  for  him.  He  died  at  his  home  in  Scranton,  Pa., 
on  March  20th,  1918,  and  is  survived  by  his  wife,  Mrs.  Mary  A.  Marple, 
and  one  daughter,  Mrs.  Eugene  Cornell  Kelley,  of  Poughkeepsie,  N.  Y. 

He  was  a  Charter  Member  of  the  Scranton  Engineers'  Club,  and 
always  gave  freely  of  his  time  and  talents  in  the  furtherance  of  its  best 
interests.  He  had  been  twice  honored  by  being  elected  its  President, 
and  just  previous  to  his  death  had  been  made  an  Honorary  Member. 
He  was  also  a  member  of  the  American  Water  Works  Association,  the 
New  England  Water  Works  Association,  and  the  American  Gas  Institute. 

Aside  from  his  professional  associations,  he  was  a  member  of  the 
Peter  Williamson  Lodge,  F.  and  A.  M.,  the  Knights  Templars,  and 
the  Irem  Temple.  He  also  took  a  most  active  part  in  church  work 
as  a  member  of  St.  Luke's  Protestant  Episcopal  Church,  having  served 
as  a  Vestryman  for  16  years. 

Mr.  Marple  was  elected  a  Member  of  the  American  Society  of  Civil 
Engineers  on  June  4th,  1890. 
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WILLIAM  WALTER  MARR,  M.  Am.  Soc.  C.  E.* 


Died  October  3d,  1917. 


William  Walter  Marr  was  born  on  June  9th,  1876,  in  Chicago,  111., 
and  came  of  an  old  American  family.  He  was  educated  in  public  and 
private  schools  in  Chicago  and  at  the  University  of  Notre  Dame,  at 
South  Bend,  Ind.,  from  which  institution  he  was  graduated  as  a 
Bachelor  of  Science  in  1895.  He  took  post-graduate  work  in  1896  for 
which  he  received  the  degree  of  C.  E. 

In  1897  he  entered  the  service  of  the  City  of  Chicago  as  an  Assis- 
tant Engineer  and  for  several  years  was  employed  in  various  capacities 
in  charge  of  bridge  repairs,  water  supply,  harbor  work,  and  tunnel  con- 
struction, under  the  general  charge  of  the  City  Engineer. 

In  1902,  Mr.  Marr  became  Division  Engineer  for  the  Board  of  Local 
Improvements  of  the  City  of  Chicago,  in  general  charge  of  street  paving 
work  for  the  West  Side. 

In  i908,  together  with  the  writer,  he  formed  the  present  civil  engi- 
neering firm  of  Marr,  Green  and  Company,  of  Chicago. 

In  1914,  he  was  appointed  by  Governor  Dunne,  a  Democrat,  as  Chief 
State  Highway  Engineer,  and,  in  1917,  was  re-appointed  to  that  position 
by  the  incoming  Republican  Governor  Lowden.  Under  Mr.  Marr's 
charge  the  State  Department  of  Highways  was  practically  re-organized 
and  placed  on  a  thoroughly  efficient  basis.  Many  millions  of  dollars' 
worth  of  work  was  planned  and  constructed.  At  the  time  of  his  death, 
he  was  engaged  on  far-reaching  plans  providing  for  the  expenditure  of 
some  $60  000  000  for  a  State-wide  improvement  of  roads  in  Illinois. 

Mr.  Marr  had  made  a  special  study  of  municipal  paving  and  country 
highways.  He  was  widely  recognized  as  an  expert  of  the  highest  class 
in  those  lines,  and  his  advice  was  in  constant  demand.  He  had  made  a 
magnificent  record  in  public  office,  and  his  re-appointment  to  the  posi- 
tion by  Governor  Lowden  was  recognition  of  this  fact.  .  He  was  widely 
known  in  Illinois  and  adjoining  States  for  his  splendid  technical  and 
executive  ability,  and  was  in  continuous  request  as  a  speaker  at  Good 
Roads  conventions  and  similar  movements.  The  volume  of  work  called 
for  by  his  position  was  so  large,  and  the  demands  on  his  time  were  so 
great,  that  he  literally  worked  night  and  day.  Though  of  good 
physique,  he  was  of  a  nervous  temperament,  and  the  net  result  was  a 
break-down.  Eor  months  he  had  been  failing,  but  was  so  interested 
in  his  work  that  he  refused  to  quit.  He  died  on  October  3d,  1917, 
and  is  survived  by  a  widow  and  four  children. 

This  is  a  brief  outline  of  Mr.  Marr's  professional  life;  but  it  does 
scant  justice  to  the  man.    Great-hearted,  tolerant,  and  charitable  Walter 
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Marr !  He  was  always  helping  some  one,  and  never  asking  for  a  return ; 
wise  in  the  ways  of  the  world,  wonderfully  intuitive,  yet  excusing  and 
condoning  the  little  mistakes  and  frailties  of  his  fellow-men. 

He  had  a  keen,  analytical  mind,  great  imagination,  and  bold  initia- 
tive, combined  with  ability  to  execute  his  ideas.  He  was  endowed, 
further,  with  that  gift,  supposedly  so  rare  among  engineers,  of  ability 
to  appreciate  artistic  things.  He  was  a  painter  of  no  mean  ability,  and 
the  writer,  who  had  been  his  friend  and  associate  for  many  years, 
wondered  at  times  that  he  should  have  become  an  engineer  and  not  an 
artist. 

His  funeral  was  almost  a  sermon  in  itself.  Men  nationally  known 
were  there,  as  were  many  of  those  more  humble  ones  whom  he  had 
helped  generously,  but  always  secretly.  It  was  only  when  his  personal 
effects  and  memoranda  were  searched  that  some  real  idea  was  gained  of 
his  charity.  There  were  literally  dozens  whom  he  had  helped  financially 
and  otherwise,  about  whom  no  one  knew,  and  the  writer  who  used  to 
wonder  how  it  happened  that,  with  his  plain  habits,  he  was  so  often 
%roke",  understood  at  last. 

He  was  a  member  of  the  Illinois  Society  of  Engineers  and  Surveyors 
and  of  the  Springfield  Engineers'  Society. 

Mr.  Marr  was  elected  a  Member  of  the  American  Society  of  Civil 
Engineers  on  February  2d,  1909, 
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ALFRED  BOARDMAN  MAYHEW.  M.  Am.  Soc.  C.  E.* 


Died  May  12th,  1918. 


Alfred  Boardnian  Mayhew  was  born  at  Heath,  Mass.,  on  September 
3d,  1878.  He  was  graduated  from  Tufts  College  in  1904,  with  the  de- 
gree of  B.  S.  in  Civil  Engineering. 

His  earliest  engineering  work  was  on  the  construction  of  two  dams 
for  power  development,  one  at  Gavins  Fall,  N.  H.,  and  one  at  Dor- 
chester, Mass. 

In  June,  1905,  Mr.  Mayhew  entered  the  employ  of  the  United  States 
Reclamation  Service,  and  occupied  various  responsible  positions  con- 
nected with  the  design  and  construction  of  large  irrigation  projects  in 
the  West,  principally  the  Minidoka  and  the  Boise  Projects  in  Idaho. 
He  was  Resident  Engineer  on  the  construction  of  several  important 
sections  of  main  canal,  including  diversion  dams,  bridges,  and  other 
large  structures  providing  for  cross-drainage,  railroad  crossings,  lateral 
outlets,  etc. 

When  the  construction  of  the  Arrowrock  Dam  (the  highest  dam  in 
the  world)  was  authorized,  Mr.  Mayhew  was  selected  as  Principal 
Engineering  Assistant  to  the  Construction  Engineer,  and  had  direct 
diarge  of  the  field  engineering  and  designs.  He  was  personally  respon- 
sible for  many  of  the  details  of  the  design  of  that  dam  and  related 
structures,  and  was  closely  identified  with  the  construction  until  it 
was  nearly  finished. 

In  November,  1914,  Mr.  Mayhew  was  given  a  furlough  by  the  Recla- 
mation Service,  in  order  that  he  might  accept  a  position  with  The 
Morgan  Engineering  Company,  at  Dayton,  Ohio,  on  studies  and  plans 
for  fiood-prevention  works  in  the  Miami  Valley,  and  he  continued  on 
that  work  as  an  employee  of  The  Miami  Conservancy  District,  after  the 
formation  of  the  District  under  the  Conservancy  Act  of  Ohio.  He  took 
a  prominent  part  in  the  preparation  of  the  designs,  specifications,  and 
estimates  for  the  whole  project,  and,  when  construction  started,  was 
given  charge  of  the  Germantown  Dam,  as  Division  Engineer.  It  was 
while  directing  the  work  of  raising  a  suspension  bridge  above  the  reach 
of  flood-waters,  at  this  dam,  that  Mr.  Mayhew  was  thrown  into  the  river 
and  drowned  on  May  12th,  1918. 

Mr.  Mayhew's  fine  personality,  coupled  with  his  well-balanced  capa- 
bilities as  an  engineer,  gained  for  him  the  respect  and  confidence  of  all 
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with  whom  he  was  associated.  He  was  not  only  a  good  engineer,  but 
also  a  good  citizen,  and  took  a  lively  interest  in  the  affairs  of  the  day. 

He  was  married,  on  September  14th,  1911,  to  Miss  Maude  O. 
Greene,  of  Princeton,  HI.,  who  survives  him. 

Mr.  Mayhew  was  elected  an  Associate  Member  of  the  American 
Society  of  Civil  Engineers,  on  November  8th,  1909,  and  a  Member  on 
January  18th,  1916. 


MEMOIR   OF   MARSHALL   POPE   ROBERTSON  1705 

MARSHALL  POPE  ROBERTSON,  M.  Am.  Soc.  C.  E.* 


Died  November  2d,  1917. 


Marshall  Pope  Robertson  was  born  at  Baton  Rouge,  La.,  on  April 
26tli,  1861.  He  received  his  early  education  in  the  Parish  of  East 
Baton  Rouge,  and  was  graduated,  in  1882,  from  the  Louisiana  State 
University  and  the  Agricultural  and  Mechanical  College,  at  Baton 
Rouge,  La. 

During  his  summer  vacations  in  1881  and  1882,  Mr.  Robertson  was 
employed  as  Rodman  and  Resident  Engineer  on  construction,  on  the 
Texas  and  Pacific  Railroad. 

From  1883  to  1894,  he  served  as  City  Surveyor  of  Baton  Rouge,  La. 
While  in  this  position,  he  was  also  engaged  on  work  for  the  United 
States  Government,  as  Engineer  in  charge  of  the  construction  of  road- 
ways to  the  Military  Cemeteries  at  Port  Hudson,  La.,  Corinth,  Miss., 
and  Marietta,  Ga.,  from  1889  to  1891,  and  as  United  States  Surveyor 
for  the  Lower  Texas  District,  on  levees  from  Vicksburg,  Miss.,  to  the 
mouth  of  the  Red  River. 

In  August,  1896,  he  was  appointed  an  Assistant  to  the  Board  of 
State  Engineers  of  Louisiana,  which  position  he  retained  vmtil  August, 
1900,  when  he  was  appointed  Assistant  State  Engineer  and  Member  of 
the  Board  of  State  Engineers.  From  1900  to  1902,  Mr.  Robertson  had 
charge,  for  the  State,  of  levees  and  canals  on  the  Red  River  and,  from 
1902  to  1908,  he  was  in  direct  charge  of  work  on  the  Mississippi  River 
and  on  levees  on  the  Arkansas  and  Mississippi  Rivers. 

From  1908  to  1912,  he  was  engaged  in  the  private  practice  of  engi- 
neering of  an  extensive  and  varied  character.  In  1912,  he  was  again 
appointed  a  Member  of  the  Board  of  State  Engineers  and  served  in  that 
capacity  continuously  until  his  death  on  November  2d,  1917. 

Mr.  Robertson  was  honorable,  capable,  and  conscientious  in  the  dis- 
charge of  his  duties,  to  which  he  brought  to  bear  the  faculty  of  a  good 
judgment  acquired  by  the  experience  of  many  years,  and,  at  the  time 
of  his  death,  the  Board  of  State  Engineers,  of  which  he  was  for  so 
long  8.  member,  passed  resolutions  expressing  its  appreciation  of  his 
valuable  services  and  its  sorrow  at  the  loss  sustained  by  his  family  and 
by  the  State. 

Mr.  Robertson  was  elected  an  Associate  Member  of  the  American 
Society  of  Civil  Engineers  on  March  5th,  1902,  and  a  Member  on 
September  4th,  1906.  He  was  also  a  Charter  Member  of  the  Louisiana 
Engineering  Society. 

•  Memoir  prepared  by  the  Secretary  from  information  on  file  at  Society  Head- 
quarters. 
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GRANT  ROHRER,  M.  Am.  Soc.  C.  E* 


Died  December  12th,  1916. 


Grant  Eohrer,  son  of  Major  Jeremiah  Rohrer  and  Mary  Redsecker 
Rohrer,  was  born  in  Lancaster,  Pa.,  on  October  18th,  1864.  His  family 
was  of  Swiss  origin,  and  settled  in  Pennsylvania  about  1732. 

Mr.  Rohrer's  early  education  was  received  at  Lancaster;  he  was 
graduated  from  the  High  School  in  1880,  and  spent  the  next  five  years 
reading  law  and  in  miscellaneous  studies. 

His  first  engineering  work  was  on  the  construction  of  two  Western 
railroads:  First  in  the  Engineering  Department  of  the  Kansas,  Ne- 
braska and  Dakota  Railroad,  and  then  as  an  Assistant  in  the  Construc- 
tion Department  of  the  Kansas  City,  Wyandotte  and  Northwestern 
Railroad. 

In  May,  1888,  he  was  appointed  Assistant  Superintendent  of  Con- 
struction on  the  Abrams  Creek  Branch  of  the  West  Virginia  Central 
and  Pittsburgh  Railway,  now  the  Western  Maryland  Railroad.  This 
branch  was  a  difficult  piece  of  heavy  mountainous  construction  connect- 
ing the  Big  Vein  Coal  Mines  at  Elk  Garden,  W.  Va.,  with  the  main  line 
in  order  to  supplant  a  long  inclined  plane.  The  necessary  grades  ex- 
ceeded 3%,  and  there  were  numerous  16°  curves  and  a  switch-back. 

Mr.  Rohrer  and  the  writer  were  thrown  together  a  great  deal  on  this 
construction,  and  were  room  mates  at  Elk  Garden.  The  business  and 
personal  association  between  them  lasted  until  Mr.  Rohrer's  death, 
nearly  30  years  later,  and  had  a  very  material  influence  on  the  lives  of 
both. 

On  the  completion  of  the  Elk  Garden  work  and  some  mine  sur- 
veys in  that  vicinity,  Mr.  Rohrer  went  to  Alabama  to  examine  and 
report  on  some  coal  and  iron  ore  lands. 

In  1890  he  was  Assistant  Superintendent  of  Construction  on  30 
miles  of  the  Ohio  Extension  of  the  Norfolk  and  Western  Railroad 
until  its  completion. 

He  then  returned  to  West  Virginia  to  become  Superintendent  of  the 
H.  G.  Davis  Coal  and  Coke  Company,  at  Thomas,  W.  Va.,  which  mines 
were  under  the  same  interests  as  those  that  controlled  the  Elk  Garden 
work  he  had  done  5  years  previously. 

In  1897  he  became  Superintendent  of  the  New  York  Office  of  R.  H. 
Hood,  Engineer  and  Contractor.  This  office  was  established  by  Mr. 
Rohrer  and  was  very  successful. 

In  1899,  he  and  the  writer  went  to  London  to  investigate  the  ad- 
visability of  opening  an  office  there,  but  reached  the  conclusion  that 

•  Memoir  prepared  by  R.  H.  Hood,  M.  Am.  Soc.  C.  E. 
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the  Boer  War  would  be  the  cause  of  an  extended  depression  in  that 
market. 

During  the  greater  part  of  the  last  20  years  of  his  life,  Mr.  Rohrer 
was  located  in  New  York  City  where  he  built  many  structures  and  car- 
ried on  a  successful  contracting  business.  He  was  also  interested  in 
several  lines  of  manufacturing. 

Mr.  Rohrer  never  married.  Three  brothers  and  two  sisters  sur- 
vive him.  His  closest  business  associates  were  Charles  Meads  and 
Allen  N.  Spooner,  Members,  Am.  Soc.  C.  E.,  Mr.  W.  G.  Cooper,  and  Dr. 
E.  W.  Caldwell. 

He  and  the  writer  made  tenders  on  the  Roosevelt  Dam  in  Arizona, 
the  anchorages  and  siiperstructure  of  the  Manhattan  Bridge,  the  Nar- 
rows Siphon,  for  the  Board  of  Water  Supply,  City  of  New  York,  and 
other  large  undertakings. 

At  the  time  of  his  death  Mr.  Rohrer  was  a  Director  and  officer  of 
numerous  corporations,  some  of  which  were  the  R.  H.  Hood  Company, 
Charles  Meads  and  Company,  Allen  N.  Spooner  and  Son,  Inc.,  F.  G. 
Fearon  Company,  Homer  Corporation,  etc. 

He  took  the  keenest  interest  in  politics,  and  although  an  ardent 
Republican,  was  broad  in  his  views  and  actions.  His  bright  and 
cheery  disposition  and  droll  wit  won  him  popularity  among  his  asso- 
ciates, and  a  large  portion  of  the  later  years  of  his  life  was  devoted  to 
the  interests  of  his  numerous  friends.  He  had  a  pleasing  personality, 
possessed  great  tact  and  diplomacy,  and  seemed  to  derive  much  pleasure 
from  the  help  he  extended  to  others. 

His  death  occurred  suddenly  on  December  12th,  1916,  from  heart 
disease  while  sitting  in  his  office  chair,  and  was  a  great  surprise  to  his 
relatives  and  friends,  as  he  had  never  shown  any  symptoms  of  disease 
and  had  always  been  particularly  free  from  sickness.  He  was  buried 
with  Masonic  rites  at  Lancaster,  Pa. 

At  the  time  of  his  death  he  was  a  member  of  the  following  Societies: 
Pennsylvania  Society,  of  New  York,  Lodge  No.  43,  F.  and  A.  M.,  Lan- 
caster, Pa.,  Chapter  No.  43,  R.  A.  M.,  Lancaster,  Pa.,  Lancaster  Com- 
mandery  No.  13,  K.  T.,  Lancaster,  Pa.,  and  Zembo  Temple,  A.  A.  O. 
N.  M.  S.,  Harrisburg,  Pa. 

Mr.  Rohrer  was  elected  a  Member  of  the  American  Society  of  Civil 
Engineers  on  July  1st,  1909. 
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EDWIN  AUGUSTUS  STEYENS,  M.  Am.  Soc.  C.  E. 


Died  March  8th,  1918. 


Edwin  Augustus  Stevens,  head  of  the  Stevens  family  of  Castle 
Point,  Hoboken,  N.  J.,  famous  for  its  administrative  and  engineering 
achievements  during  a  century  and  a  quarter  of  continued  activity, 
and  a  son  of  the  founder  of  Stevens  Institute  of  Technology,  died  on 
March  8th,  1918,  of  pneumonia,  at  Washington,  D.  C,  where  he  was 
serving  as  a  field  officer  of  the  Emergency  Fleet  Corporation. 

Edwin  Augustus  Stevens  was  born  in  Philadelphia,  Pa.,  on  March 
14th,  1858.  He  was  educated  at  St.  Paul's  School,  Concord,  N.  H., 
and  at  Princeton  University,  from  which  he  was  graduated  in  1879. 

He  entered  the  employ  of  the  Hoboken  Land  and  Improvement 
Company  which  controlled  the  interests  of  the  Stevens  family  in 
Hoboken,  and,  in  1885,  was  elected  President,  which  office  he  held 
until  his  death.  He  was  also  President  of  the  Hoboken  Ferry  Com- 
pany, operating  ferries  from  Hoboken  to  Barclay,  Christopher,  14th 
and  23d  Streets,  in  'New  York  City,  from  1885  to  1896,  when  the 
company  was  sold  to  other  interests  and  later  acquired  by  the  Dela- 
ware, Lackawanna  and  Western  Railroad,  by  which  the  ferries  are  now 
operated.  He  was  also  a  Director  of  the  First  National  Bank  of  Ho- 
boken, the  Hudson  Trust  Company,  the  Commercial  Trust  Company, 
and  of  the  Niagara  Fire  Insurance  Company. 

Descended  from  a  family  of  pioneer  engineers — his  grandfather, 
John  Stevens,  having  invented  and  built  a  steamboat  that  operated 
on  the  Hudson  River  in  1804,  and  a  locomotive  that  operated  on  a 
track  in  Hoboken  in  1826;  his  uncle,  Robert  L.  Stevens,  having 
invented,  in  1830,  the  present  form  of  T-rail  used  in  railroad  track 
construction  and  having  entered  into  a  contract  with  the  United  States 
Government,  in  1842,  for  the  construction  of  the  first  armor-clad 
"war  steamer";  and  his  father  having  invented,  in  1832,  the  air-tight 
fireroom  used  in  warships  and  in  some  merchant  ships — Edwin  Augus- 
tus Stevens  had  a  strong  inclination  for  engineering,  and  devoted  much 
of  his  available  time  to  technical  subjects.  Early  in  his  career,  he  en- 
gaged in  engineering  work  connected  with  the  Hackensack  Water  Com- 
pany, supplying  the  City  of  Hoboken.  He  was  next  interested  in  the 
development  of  high-speed  engines  and  machine  tools,  and,  later, 
achieved  notable  distinction  in  the  design  of  the  ferry-boat  Bergen,  built 
in  1889.  This  was  the  first  ferry-boat  to  be  fitted  with  screw  propellers. 
It  marked  a  signal  departure  in  the  construction  of  such  vessels  and 
proved  so  satisfactory  that  it  has  been  generally  adopted  in  place  of 
the  paddle-wheel  construction,  in  this  class  of  service.     Subsequently, 

*  Memoir  prepared  by  Professor  F.  DeR.  Furman,  Stevens  Institute,  Hoboken,   N.  J. 
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Mr.  Stevens  was  engaged  as  Consvilting  Engineer  by  the  City  of 
New  York  in  the  matter  of  the  construction  of  the  Staten  Island  ferry- 
boats, and  was  also  in  charge  of  the  design  of  ferry-boats  for  the 
Delaware,  Lackawanna  and  Western  Railroad  Company.  He  was  a 
member  of  the  firm  of  Cox  and  Stevens,  of  New  York  City,  Naval 
Architects  and  Marine  Engineers,  from  1905  to  1909.  In  1905,  Stevens 
Institute  of  Technology,  of  which  he  was  a  Trustee  at  the  time  of  his 
death,  conferred  on  him  the  honorary  degree  of  Doctor  of  Engineering. 

He  was  also  active  in  civic  and  State  matters,  having  served  as 
Park  Commissioner,  Tax  Commissioner,  and  as  a  member  of  the 
Commission  which  settled  the  long-standing  dispute  regarding  the 
boundary  between  New  Jersey  and  New  York.  He  was  also  Chairman 
of  the  New  Jersey  Commission  of  the  Interstate  Palisades  Park  Com- 
mission. He  was  a  Democrat  in  politics  and  served  as  Presidential 
elector  in  the  campaigns  of  1888  and  1892,  when  President  Cleveland 
was  the  Democratic  candidate. 

Mr.  Stevens  became  Adjutant  of  the  old  Ninth  Regiment  of  the 
New  Jersey  National  Guard  in  1880,  served  later  on  the  staff  of 
Covernor  Ludlow,  and,  in  1884,  became  Colonel  of  the  old  Second 
Regiment.  He  retained  this  command  for  eight  years.  In  1911, 
President  Wilson,  then  Governor  of  New  Jersey,  appointed  him  Com- 
missioner of  Highways  for  the  State.  He  was  re-appointed  by  Gov- 
ernor Eielder  in  1914  and  served  in  this  capacity  for  a  total  of  six 
years,  when  the  State  laws  were  revised  and  the  Road  Department 
was  placed  under  a  Highway  Commission  composed  of  eight  men,  of 
which  Col.  Stevens  was  one  of  the  original  appointees  and  one  of  the 
members  at  the  time  of  his  death. 

With  all  his  activities,  he  was  a  devoted  Churchman,  having  served 
as  a  Vestryman  of  the  Church  of  the  Holy  Innocents  in  Hoboken, 
Treasurer  of  the  Protestant  Episcopal  Diocese  of  Newark,  and  Trustee 
of  the  Episcopal  Fund  and  Diocesan  Properties.  He  was  also  fre- 
quently in  attendance  as  a  delegate  to  the  General  Convention  of  the 
Protestant  Episcopal  Church. 

Col.  Stevens  was  married  to  Emily  C.  Lewis,  who  survives  him, 
together  with  seven  children:  John,  Edwin  A.,  Jr.,  Washington  L., 
Bayard,  Basil  M.,  Lawrence  L.,  and  Emily  Lewis  Stevens.  Of  these, 
Edwin  A.  Stevens,  Jr.,  is  a  naval  architect  and  marine  engineer  and  is 
at  present  with  the  United  States  Shipping  Board,  Emergency  Fleet 
Corporation.  He  has  also  been  appointed  to  fill  the  vacancy  left  by 
his  father  as  member  of  the  Board  of  Trustees  of  Stevens  Institute 
of  Technology.  Two  other  sons  are  in  Government  service,  Wash- 
ington Lewis  Stevens  as  a  Lieutenant  in  the  National  Army,  and 
Basil  M.  Stevens  as  a  Lieutenant  in  the  Officers  Reserve  Corps. 

Col.  Stevens  was  associated  with  nimaerous  organizations,  always 
serving  prominently   as   presiding  officer,    author,   or   active   member. 


1710  MEMOIK  OF   EDWIN   AUGUSTUS   STEVENS 

He  was  one  of  the  Founders  of  the  Society  of  Naval  Architects  and 
Marine  Engineers,  and,  later,  served  as  a  Yice-President;  President 
of  the  American  Road  Builders  Association ;  member  of  the  Institution 
of  Naval  Architects;  Life  Associate  of  the  American  Society  of 
Mechanical  Engineers;  member  of  the  American  Society  of  Naval 
Engineers;  American  Society  for  Testing  Materials;  Army  League 
of  the  United  States;  National  Marine  League  of  the  United  States 
of  America;  Engineers'  Club  of  New  York  City;  Engineers'  Club  of 
Trenton;  National  Geographic  Society;  Historical  Society  of  Hudson 
County;  Princeton  Club  of  New  York;  Essex  Fox  Hounds  Riding 
Club;  and  Somerset  Hills  Country  Club. 

Among  the  contributions  of  Col.  Stevens  to  technical  literature 
are  the  following:  "Performances  of  the  Bergen  and  Orange  Steam 
Ferry-Boats",*  written  in  conjunction  with  Professor  J.  E.  Denton; 
"Screw  Ferry-Boats" ;t  "Ferry-Boat  Performances";:}:  "Tidal  Correc- 
tions",§  written  in  conjunction  with  Mr.  C.  P.  Paulding;  "Application 
of  Taylor's  Analysis  to  the  Performance  of  the  Ferry-Boat  Cincin- 
nati,"\\  written  in  conjunction  with  Mr.  Paulding;  "Progressive 
Trials  of  the  Ferry-Boat  Edgewater,"*{  written  in  conjunction  with 
Mr.  Paulding;  "Progressive  Trials  of  the  Ferry-Boat  Bremen";** 
"Screw  Ferry-Boats"  ;f t  "American  Competition"  ;:{:$  "The  Future  of 
Good  Roads  in  State  and  Nation". §§ 

Col.  Stevens  was  elected  a  Member  of  the  American  Society  of 
Civil  Engineers  on  June  3d,  1915. 

*  Transactions,  Am.  Soc.  Mech.  Engrs.,  Vol.  H   (1890),  p.  372. 

t  Transactions,  Soc.  of  Naval  Archta.  and  Marine  Engrs.,  Vol.  1  (1893),  p.  192. 

t  Stevens  Institute  Indicator,  1900. 

§  Transactions,  Soc.  of  Nav.  Archts.  and  Marine  Engrs.,  Vol.  9   (1901),  p.  235. 

II  Stevens  Institute  Indicator,  1901. 

H  Transactions,  Soc.  of  Nav.  Archts.  and  Marine  Engrs.,  Vol.  10  (1902) ,  p.  15. 
•*  Transactions,  Soc.  of  Nav.  Archts.  and  Marine  Engrs.  Vol.  11  (1903),  p.  1. 
ft  Cassier's  Magazine,  Vol.  6  (1894),  p.  275. 
XX  Engineering  (London),  1899. 
§§  Scribner's  Magazine,  February,  191f!. 
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JOHN  EDWARD  SWANKER,  M.  Am.  Soc.  C.  E* 


Died  October  20th,  1917. 


John  Edward  Swanker,  the  son  of  Augustus  F.  and  Louisa  Swanker, 
was  born  at  Schenectady,  IST.  Y.,  on  July  4th,  1865.  He  received  his 
early  education  in  the  schools  of  Schenectady,  and  then  entered  Union 
University,  from  which  he  was  graduated  in  the  class  of  1887,  in  the 
DeiDartment  of  Civil  Engineering. 

Immediately  after  his  graduation,  Mr.  Swanker  entered  the  employ 
of  the  Rochester  Bridge  and  Iron  Works,  of  Rochester,  N.  Y.,  where 
he  remained  for  about  eight  years.  While  at  Rochester,  he  was  engaged 
in  drafting,  designing,  and  estimating,  and  also  had  considerable  expe- 
rience in  bridge  shop  practice  and  management,  thus  gaining  much  of 
that  complete  knowledge  of  American  bridge  building  methods  which 
has  marked  the  career  of  many  of  the  men  who  began  their  engineering 
experience  under  the  late  John  F.  Alden,  M.  Am.  Soc.  C.  E. 

Later,  this  association  was  continued  in  the  Engineering  Dei^art- 
ment  of  the  Hilton  Bridge  and  Construction  Company,  of  Albany, 
N.  Y.,  where  Mr.  Swanker  remained  until  the  plant  was  closed  by 
the  American  Bridge  Company,  which  hadjBcquired  it,  in  1900.  While 
with  the  Hilton  Bridge  and  Construction  Company,  he  was  engaged 
on  many  of  the  larger  bridges  built  by  that  company,  and  also  had 
experience  in  the  Sales  Department.  When  the  plant  was  taken  over 
by  the  American  Bridge  Company,  he  became  Manager  and  Engineer, 
which  position  he  retained  until  the  plant  was  closed. 

About  the  time  work  was  discontinued  at  the  Hilton  Plant  of  the 
American  Bridge  Company,  Mr.  Swanker  was  elected  General  Manager 
of  the  Tees  Side  Bridge  and  Engineering  Works,  Limited,  of  Middles- 
brough, England,  and  held  that  position  for  six  years,  during  which 
time  the  business  was  re-organized  in  accordance  with  American  methods 
and  the  output  doubled,  while  the  cost  of  maintenance  was  reduced 
more  than  one-third. 

During  this  period,  many  important  structures  were  fabricated  and 
erected  under  the  personal  direction  of  Mr.  Swanker,  several  of  which 
elicited  favorable  comment  in  the  English  technical  press  at  the  time. 
The  project  of  the  Khushalgahr  Bridge  in  India  was  considered  almost 
impracticable,  but  was  successfully  carried  through  to  completion. 
The  railroad  bridge  over  the  Tees  River  at  Stockton-on-Tees  was 
replaced  by  a  new  structure  which  was  floated  into  place  without  inter- 
ruption of  traffic;  as  were  also  the  transfer  bridges  at  the  North  and 

*  Memoir  prepared  by  James  Watt,  Assoc.  Am.  Soc.  C.  E.,  and  Walter  R.  Harden, 
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South  Shields  Docks,  near  Newcastle-on-Tyne,  under  very  difficult  tidal 
and  local  conditions. 

On  the  completion  of  his  engagement  with  the  Tees  Side  Bridge 
and  Engineering  Works,  Limited,  Mr.  Swanker  returned  to  the  United 
States  and,  after  a  short  period  of  rest,  became  Engineer  for  David 
Lupton's  Sons  Company,  of  Philadelphia,  Pa.  Later,  he  was  General 
Manager  for  W.  N.  Kratzer  and  Company,  of  Pittsburgh,  Pa.,  after 
which  he  entered  the  Engineering  Department  of  the  Perguson  Steel 
and  Iron  Company,  of  Buil'alo,  N.  Y.,  where  he  remained  until  his  death. 

Mr.  Swanker  was  quick  and  decisive  in  forming  engineering  judg- 
ment, and  will  be  remembered  by  his  business  associates  as  a  man 
of  untiring  zeal  and  ambition,  marked  with  sterling  integrity  and 
uprightness  of  character. 

He  was  a  member  of  the  Protestant  Episcopal  Church  and,  at 
the  time  of  his  death,  was  a  member  of  Yonnondio  Lodge  No.  163, 
¥.  and  A.  M.,  of  Kochester,  N.  Y.,  Temple  Chapter  No.  5,  E.  A.  M., 
of  Albany,  N.  Y.,  York  Preceptory,  of  Newcastle-on-Tyne,  England, 
and  Ismailia  Temple,  A.  A.  O.  N.  M.  S.,  of  Buffalo,  N.  Y. 

While  in  England,  Mr.  Swanker  was  a  member  of  the  British  Iron 
and  Steel  Institute;  he  was  also  a  charter  member  of  the  Efficiency 
Society  of  America. 

Ke  was  married  on  March  25th,  1896,  to  Clara  A.  Sage,  of  Eochester, 
N.  Y.,  who  survives  him.    * 

Mr.  Swanker  was  elected  a  Member  of  the  American  Society  of 
Civil  Engineers  on  May  4th,  1904. 
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JOHN  DASH  TAN  BUREN,  M.  Am.  Soc.  C.  E.* 


Died  March  11th,  1918. 


John  Dash  Van  Buren,  the  son  of  John  Dash  and  Elvira  (Aymar) 
Van  Buren,  was  born  in  New  York  City,  on  August  8th,  1838.  He 
studied  Civil  Engineering  at  Lawrence  Scientific  School  of  Harvard 
University  and  Rensselaer  Polytechnic  Institute,  Troy,  N.  Y.,  and 
was  graduated  from  the  latter  in  1860,  with  the  degree  of  Civil 
Engineer. 

Mr.  Van  Buren  began  engineering  work  under  the  late  Alfred 
Wingate  Craven,  Past-President,  Am.  Soc.  C.  E.,  then  Chief  Engineer 
of  the  Croton  Aqueduct'Department,  but  resigned  when  the  Civil  War 
broke  out  in  1861  to  enter  the  ISTavy  as  an  Assistant  Engineer  with  the 
rank  of  Lieutenant.  As  such,  he  served  with  the  Gulf  Squadron  in 
the  James  River  Campaign  and  in  the  Flying  Squadron  under  Com- 
mander Wilkes.  He  was  also  with  the  squadron  which  formed  part 
of  the  forces  under  Gen.  McClellan  in  the  battle  of  Malvern  Hill. 

Following  this,  Mr.  Van  Buren  was  detailed  for  special  duty  as 
Assistant  Professor  of  Natural  Philosophy  and  Engineering  at  the 
United  States  Naval  Academy  where  he  served  for  four  years.  During 
the  next  two  years  he  was  detailed  as  Assistant  to  Commander  Isher- 
wood,  at  the  Bureau  of  Engineering  of  the  Navy  Department.  In 
1865,  he  was  promoted  to  be  First  Assistant  Engineer,  serving  as  such 
until  1868  when  he  resigned  his  commission  and  returned  to  civil  life. 

In  1869,  Mr.  Van  Buren  was  admitted  to  the  bar  of  New  York  City. 
He  practiced  law  only  a  short  time,  however,  and  gave  it  up  to  return 
to  his  former  profession  as  a  Civil  Engineer. 

From  1870  to  1875,  he  served  as  Assistant  to  Generals  McClellan 
and  Graham  in  the  Department  of  Docks  of  New  York  City,  having 
been  engaged  on  the  reconstruction  of  the  water  front. 

In  1875,  Mr.  Van  Buren  was  appointed  by  Governor  Tilden  as  a 
member  of  a  commission  to  investigate  the  canals  of  New  York  State. 
As  a  result  of  his  work  on  this  Commission,  he  was  elected  to  the 
office  of  State  Engineer  and  Surveyor,  serving  in  that  capacity  from 
1876  to  1878,  during  which  time  many  important  reforms  were  carried 
out  in  that  Department. 

On  the  expiration  of  his  term  of  office  as  State  Engineer,  Mr.  Van 
Buren  again  took  up  the  private  practice  of  engineering,  and  made 
his  home  at  Newbiu-gh,  N.  Y.,  where  he  was  employed  on  the  extension 
of  the  water-works.     As  a  Consulting  Engineer  he  was  engaged  on 

•  Memoir  prepared  by  the  Secretary  from  information  furnished  by  Robert  Van 
Buren.  M.  Am.  Soc.  C.  E.,  and  on  file  at  the  Headquarters  of  the  Society. 
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many  important  engineering  works  until  his  retirement  from  active 
life  several  years  ago.  For  a  number  of  years  he  had  made  his  home 
iit  New  Brighton,  Staten  Island,  where  his  death  occurred  on  March 
11th,  1918. 

Mr.  Van  Buren  was  a  gentleman  of  the  old  school.  He  had  lived 
a  quiet  retired  life,  but  was  a  very  congenial  companion,  and  stood  high 
as  an  Engineer,  having  been  considered  one  of  the  best  mathematicians 
in  the  Profession. 

He  was  a  frequent  contributor  to  the  technical  press  and  to  the 
publications  of  the  Society,  having  written  papers  on  "Quay  and  Other 
Retaining  Walls",*  "The  Improvement  of  the  Water  Front  of  the 
City  of  New  York",t  and  "Notes  on  High  Masonry  Dams",:}:  as  well 
as  discussions  on  papers  by  other  members. 

Mr.  Van  Buren  was  married  on  November  24th,  1875,  to  Miss 
Elizabeth  Ludlow  Jones,  of  New  York  City.  They  had  two  sons,  one 
of  whom  died  several  years  ago;  the  other  is  now  serving  in  an  Engi- 
neer Regiment  with  the  American  Expeditionary  Forces. 

He  was  a  Democrat  in  politics,  and  was  a  member  of  the  Loyal 
Legion,  American  Geographical  Society,  Society  of  Naval  Engineers, 
Society  of  Naval  Architects  and  Marine  Engineers,  the  Holland 
Society,  and  the  St.  Nicholas  Society. 

Mr.  Van  Buren  was  elected  a  Member  of  the  American  Society  of 
Civil  Engineers  on  May  20th,  1868. 

*  Transactions,  Am.   Soc.  C.  E.,  Vol.   II    (1873),  p.   193. 

^Transactions,  Am.   Soc.   C.   E.,   Vol.    Ill    (1874),   p.    172. 

X  Transactions,  Am.   Soc.   C.   E.,   Vol.   XXXIV    (1895),  p.   493. 
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CLARENCE  BROWNING  TORCE,  M.  Am.  Soc.  C.  E.* 


Died  February  4th,  1918. 


Clarerfce  Browning  Vorce  was  born  on  June  23d,  1866,  in  JSTew 
York  City,  but  during  his  boyhood  lived  at  Farmington,  Conn.  He 
received  his  technical  education  at  the  Massachusetts  Institute  of 
Technology,  from  which  he  was  graduated  in  1888,  receiving  the 
degree  of  Bachelor  of  Science. 

In  July,  1889,  he  joined  the  Lake  Shore  and  Michigan  Southern 
Eailroad  and  remained  with  that  Company  until  February,  1893, 
holding  successively  the  positions  of  Transitman,  Assistant  Engineer, 
and  Principal  Assistant  Engineer,  Thereafter,  he  was  Assistant  Engi- 
neer to  the  Engineer  of  Construction  of  the  New  York,  New  Haven 
and  Hartford  Railroad,  on  four-track  improvements  near  New  York 
City  until  1897.  From  1897  until  1906  he  was  in  private  practice  at 
Hartford,  Conn.,  engaged  in  general  engineering  work. 

In  1906,  Mr.  Vorce  entered  the  employ  of  Sanderson  and  Porter, 
Engineers,  and  was  thereafter  actively  connected  with  important  rail- 
way and  hydraulic  construction  in  the  New  York  and  San  Francisco 
offices  of  that  firm.  Later,  he  entered  the  employ  of  the  British 
Columbia  Electric  Railway  Company  as  Engineer  of  Railways,  in  which 
position  he  had  charge  of  all  new  construction  and  of  the  maintenance 
of  all  lines,  making  a  notable  record  in  design  and  in  rapid  economical 
execution  of  track  work  in  paved  districts,  involving  large  expenditure. 

He  left  this  work  to  re-enter  the  employ  of  Sanderson  and  Porter, 
and  was  associated  continuously  with  the  work  of  the  New  York  office 
from  1914  until  his  death,  which  occurred  at  Roosevelt  Hospital,  in 
New  York  City,  on  February  4th,  1918,  after  an  operation  from  the 
effects  of  which  he  failed  to  rally. 

All  who  knew  Mr.  Vorce  and  his  work  considered  him  to  be  an 
engineer  of  exceptional  ability  and  sound  judgment.  He  was  a 
member  of  the  Electric  Railway  Association  and  Past-President  and 
member  of  the  Connecticut  Society  of  Civil  Engineers. 

In  1892,  he  was  married  to  Miss  Virginia  Osborn,  of  New  Haven, 
Conn.,  who,  with  a  daughter,  survives  him. 

Mr.  Vorce  was  elected  a  Junior  of  the  American  Society  of  Civil 
Engineers  on  April  30th,  1895;  an  Associate  Member  on  October  7th, 
1896 ;  and  a  Member  on  May  2d,  1900. 

•  Memoir  prepared  by  friends  of  Mr.  Vorce  In  the  office  of  Sanderson  and  Porter, 
Engineers,  New  York  City. 
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BERNARD  MATTHEW  WAGNER,  M.  Am.  Soc.  C.  E.* 


Died  June  15th,  1918. 


Bernard  Matthew  Wagner,  the  son  of  Bernhard  and  Pauline  Wag- 
ner, was  born  on  September  9th,  1868,  at  St.  Gall,  Switzerland.  He 
was  brought  to  the  United  States  as  a  child,  and  was  educated  in  the 
public  schools  of  New  York  City,  taking  the  degree  of  Bachelor  of 
Science  at  Cooper  Institute  in  1888.  Thereafter,  he  returned  to  Switz- 
erland, and  entered  the  Swiss  Federal  Polytechnic,  at  Zurich,  from 
which  he  was  graduated  as  Ingenieur  in  1892.  He  then  became  Assist- 
ant to  M.  E.  Paschaud,  Engineer  of  the  Swiss  Occidental  Eailroad,  and 
was  engaged  in  survey  and  office  work  on  that  system.  Later,  he  was 
Assistant  to  the  Chief  Engineer  of  the  Grand  Ducal  Railroad,  in  which 
position  he  was  engaged  on  bridge  and  construction  work.  Mr.  Wag- 
ner also  served  for  a  short  time  as  Draftsman  in  the  Raub  Locomotive 
Works. 

In  1894,  he  returned  to  the  United  States  and,  in  1895,  entered  the 
service  of  the  Department  of  Water  Supply  of  N'ew  York  City.  He 
was  appointed  Assistant  to  I.  M.  de  Yarona,  M.  Am.  Soc.  C.  E.,  Chief 
Engineer  of  the  Brooklyn  Water  Department,  and  continued  in  the 
employ  of  the  city  imtil  1912. 

During  his  seventeen  years  of  municipal  service,  Mr.  Wagner  was 
engaged  on  the  important  and  extensive  construction  work  carried  out 
by  Mr.  de  Yarona,  notably  the  large  steel  main  extending  from  Jamaica 
to  Ridgewood,  planning  and  drawing  specifications  for  mains  and  stand- 
pipe  work,  and  designing  and  erecting  new  steam-generating  plants  and 
pumping  plants  at  Mount  Prospect  and  Baldwin,  Long  Island.  Later, 
he  was  placed  in  charge  of  filter-plant  construction  and  maintenance, 
and  supervised  the  planning  and  construction  of  the  mechanical  filter 
plants  at  Jameco,  and  Springfield,  Long  Island. 

After  leaving  the  service  of  the  city,  Mr.  Wagner  became  associated 
with  the  R.  P.  Bolton  Company,  and  took  part  in  the  preparation  of 
the  Citizens'  Plan  for  the  New  York  Central  West  Side  Improvement, 
and  in  plans  for  power  and  hydro-electric  machinery. 

On  the  outbreak  of  the  Spanish  War  in  1898,  Mr.  Wagner  was  a 
member  of  the  Twelfth  Regiment,  New  York  National  Guard,  and, 
during  his  service  with  that  regiment  in  the  war,  he  did  much  effective 
work  as  a  field  officer,  in  which  capacity  his  ability  as  a  civil  engi- 
neer was  of  special  value  in  connection  with  cantonment  details.  He 
left  the  service  with  the  rank  of  Captain. 

On  the  entry  of  the  United  States  into  the  present  war.  Captain 
Wagner  immediately  volunteered  his  services  in  the  Reserve  Corps,  and 

•  Memoir  prepared  by  Reginald  Pelham  Bolton,  M.  Am.  Soc.  C.  E. 
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was  given  a  commission  as  Major.  His  health,  however,  precluded  his 
taking  part  in  active  service,  and  in  the  winter  of  1917,  he  was  com- 
pelled to  resign  his  commission.  He  thereupon  devoted  himself  to  ship- 
yard and  ship  planning,  in  which  he  was  engaged  at  the  time  of  his 
death. 

Major  Wagner,  whose  amiable  character,  high  integrity,  and  great 
engineering  ability  had  endeared  him  to  his  employers,  his  associates, 
and  to  his  wide  circle  of  friends,  had  made  his  home  in  Brooklyn, 
N.  Y.,  for  many  years.  He  was  married  there  in  1898,  and  his  body 
has  been  laid  to  rest  in  Greenwood  Cemetery.  He  is  survived  by  his 
widow  and  one  daughter. 

Major  Wagner  was  elected  an  Associate  Member  of  the  American 
Society  of  Civil  Engineers  on  May  3d,  1899,  and  a  Member  on 
December  1st,  1903. 
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JOHN  WATERHOUSE,  M.  Am.  Soc.  C.  E.* 


Died  February  20th,  1918. 


John  Waterhouse  was  born  in  Bucks  County,  Pa.,  on  October  4th, 
1839.  His  father,  Ingham  Waterhouse,  came  from  Kingwood,  N.  J., 
where  the  family  had  settled  on  arriving  from  England.  His  mother, 
Frances  Calvin  Waterhouse,  who  was  born  in  Bucks  County,  Pa.,  was 
a  daughter  of  Joshua  B.  Calvin,  at  one  time  a  member  of  the  Penn- 
sylvania Legislature,  and  a  direct  descendant  of  John  Calvin  the 
reformer.  Another  ancestor.  Dr.  Benjamin  Waterhouse,  who  was 
born  in  Newport,  R.  I.,  was  a  prominent  surgeon  in  the  Continental 
Army,  and  was  said  to  have  been  the  physician  who  introduced  vaccin- 
ation in  America.  He  taught  in  Harvard  College  from  1783  to  1812, 
as  Hersey  Professor  in  theory  and  practice  of  physics. 

At  the  age  of  eleven,  John  Waterhouse  was  a  boat  boy  on  the 
Delaware  Division  of  the  Pennsylvania  Canal.  Later,  during  his 
school  years,  he  worked  on  a  farm,  and  was  employed  for  four  years  in 
mercantile  work  at  Lambertville,  N.  J.,  until  he  was  twenty.  On  the 
breaking  out  of  the  Civil  War,  he  enlisted  in  the  Third  Regiment  of 
New  Jersey,  and,  on  the  completion  of  his  three  months'  term  of 
enlistment,  went  into  business  with  his  brother  in  Trenton,  where  he 
remained  about  a  year. 

Mr.  Waterhouse  began  his  engineering  career  in  1863  when  he  went 
to  Pittsburgh,  Pa.,  and  joined  the  engineering  force  of  the  Pittsburg 
and  Steubenville  Section  of  the  Pennsylvania  Railroad  as  an  Axeman 
and  Rodman,  being  transferred  later  to  the  Lewiston  Branch  of  the 
same  railroad.  He  spent  some  time  in  Oil  City,  Pa.,  soon  after  the 
outbreak  of  the  oil  fever  there,  as  a  Surveyor,  but  illness  obliged  him 
to  give  up  these  activities,  and  he  went  West,  entering  the  service 
of  the  Missouri  Pacific  Railroad  as  a  Transitman.  From  1865  to  1867, 
he  was  Assistant  Engineer  of  that  railroad  at  Kansas  City,  and 
Principal  Assistant  Engineer  on  the  Kansas  City  and  Camaron  Rail- 
road. During  1867  and  1868,  he  was  in  charge  of  the  Tunnel  Division 
of  the  west  shore.  North  Missouri  Railroad,  at  Liberty  Landing,  Mo. 
From  1868  to  1869,  he  was  employed  as  Division  Engineer  with  the 
Kansas  City,  Fort  Scott  and  Gulf  Railroad,  at  Paola,  Kans.,  and,  in 
1869  and  1870,  as  Principal  Assistant  on  surveys  through  Indian  Ter- 
ritory for  the  same  railroad.  From  then  until  the  latter  part  of  1872, 
he  was  at  Lebanon,  Mo.,  as  Principal  Assistant  Engineer  for  the 
Laclede  and  Fort  Scott  Railroad.  During  1872  and  1873  he  made 
surveys  for,  and  located  the  railroad  connection  to,  the  Breen  Iron 
Mine,  southwest  of  Escanaba,  Mich.,  for  the  Chicago  and  Northwest- 

*  Memoir  prepared  by  H.  I.  Latimer,  Esq.,  and  Robert  Ridgway,  M.  Am.  Soc.  C.  E. 
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ern  Railway.  Following  this,  he  was  in  the  service  of  the  United 
States  Government  until  1874,  on  surveys  of  the  Mississippi  and 
Osage  Rivers,  with  station  at  St.  Louis,  Mo.,  and,  from  1874  to  1876, 
was  Chief  Engineer  of  the  Paris  and  Danville  Railroad  in  Illinois. 

In  1877,  Mr.  Waterhouse  came  to  New  York  City,  and,  on  the 
recommendation  of  William  F.  Shunk,  the  Chief  Engineer,  he  accepted 
an  appointment  as  Assistant  Engineer  with  the  New  York  Loan  and 
Improvement  Company,  which  company  was  then  constructing  the 
elevated  railroad  on  Sixth  Avenue  for  the  Metropolitan  Elevated  Rail- 
way Company.  The  Sixth  Avenue  line  was  one  of  four  lines  of  rapid 
transit  elevated  railroads  then  under  construction  in  the  city,  the  others 
being  known  as  the  Second  Avenue,  Third  Avenue,  and  Ninth  Avenue 
lines.  The  Second  Avenue  and  Sixth  Avenue  lines  were  controlled  by 
the  Metropolitan  Company,  the  other  two  by  the  New  York  Elevated 
Railroad  Company,  but  on  September  1st,  1879,  all  these  properties 
were  taken  over  for  operation  by  the  Manhattan  Railway  Company. 
Mr.  Waterhouse  resigned  his  position  with  the  latter  Company  on 
July  1st,  1881,  but  was  re-appointed  Assistant  Engineer  on  May  13th, 
1882.  Thereafter,  he  continued  in  its  service  until  March  1st,  1899. 
On  August  1st,  1885,  he  was  promoted  to  the  grade  of  Principal 
Assistant  Engineer,  and  on  March  1st,  1890,  was  made  Chief  Engineer 
of  the  Company,  In  January,  1899,  he  retired  as  Chief  Engineer, 
and  on  January  23d,  he  was  made  Constdting  Engineer,  resigning 
this  position  on  March  1st,  1899,  after  practically  22  years  of  service 
on  the  construction  and  maintenance  of  this  extensive  system  of 
elevated  railroads,  about  one-half  of  their  life.  The  records  of  the 
Chief  Engineer's  office  are  replete  with  evidences  of  his  conscientious 
personal  attention  to  details  and  of  his  skill  as  an  Engineer.  At  the 
time  of  his  retirement  as  Chief  Engineer,  the  system  operated  by 
the  Manhattan  Railway  Company,  comprised  32  miles  of  elevated 
railroad  structures,  or  107  miles  of  single  track.  This  system  included 
not  only  the  original  four  lines  on  Manhattan  Island,  but  the  con- 
necting line  north  of  the  Harlem  River  in  what  is  now  the  Borough 
of  the  Bronx,  which  was  constructed  by  and  leased  from  the  Suburban 
Rapid  Transit  Company. 

Mr.  Waterhouse  was  in  direct  charge  of  the  construction  of  the 
Western  Division  of  the  Metropolitan  Lines  extending  from  83d  Street 
on  Ninth  (now  Columbus)  Avenue  to  155th  Street  on  Eighth  Avenue. 
This  extension  was  built  in  1878  and  1879,  and  included  the  famous 
110th  Street  reverse  curve,  the  highest  elevated  railway  structure  for 
urban  service  in  the  world,  its  maximum  height  from  the  street  sur- 
face to  the  base  of  rail  being  60  ft.  Later,  as  Chief  Engineer,  he 
personally  designed  the  present  four-track  structure  on  West  Broadway 
between  Chambers  and  Franklin  Streets,  known  as  the  "West  Broad- 
way Pocket."     The  design  of  this  pocket  was  discussed  and  criticized 
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at  the  time  by  a  number  of  engineers  and  architects,  but  was  built 
according  to  Mr.  Waterhouse's  plan.  The  fact  that  it  still  remains 
in  use  after  nearly  thirty  years  of  constant  service  indicates  the 
designer's  good  judgment  and  skill. 

Mr.  Waterhouse  was  always  methodical  and  simple  in  his  tastes 
and  habits,  and  if  it  could  be  said  that  he  had  any  hobbies,  they  were 
good  books,  mathematics,  and  inventions.  Some  years  ago,  he  origi- 
nated a  method  for  proving  the  Pythagorean  theorem  in  geometry, 
which  was  published  in  the  Scientific  American,  and  which  interested 
instructors  of  geometry  all  over  the  country,  bringing  many  letters 
of  commendation  to  him  from  prominent  teachers.  Faithful  to  his 
duties  and  loyal  to  his  superiors,  he  enjoyed  the  respect  as  well  as  the 
affection  of  his  many  subordinates.  Perhaps  he  was  lacking  in 
aggressiveness,  but  in  his  gentle,  quiet  way  he  was  convincing,  and 
the  friends  he  made  were  life-long.  Those  who  knew  him  loved  him, 
and,  to  his  intimates,  he  was  regarded  as  one  of  God's  noblemen. 

More  than  ten  years  ago  Mr.  Waterhouse  became  totally  blind  and 
deaf,  but  he  bore  his  terrible  affliction  with  the  characteristic  cheer- 
fulness for  which  he  was  noted,  occupying  much  of  his  time  in  reading 
books  for  the  blind,  the  intricacies  of  which  he  mastered  within  a 
week  and  without  instruction.  During  this  period  he  invented  a 
very  ingenious  writing  board  which  enabled  the  user,  by  the  sense 
of  touch,  to  write  in  a  natural  hand,  keep  to  straight  lines,  observe 
the  required  spaces  between  them,  number  the  sheets  as  finished, 
and  record  them  in  consecutive  order.  Mr.  Waterhouse  used  this 
board  for  several  years  with  great  success. 

In  1872,  he  was  married  to  Miss  Letitia  Southwick,  who  died 
in  1873.  He  is  survived  by  his  daughter,  Miss  Pearl  Frances  Water- 
house,  of  New  York  City.  The  bond  between  father  and  daughter 
was  an  unusually  close  one,  and  she  was  his  constant  companion  during 
the  years  of  his  affliction. 

Mr.  Waterhouse  was  elected  a  Member  of  the  American  Society 
of  Civil  Engineers  on  October  4th,  1899. 
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AUGUSTINE  WASHINGTON  WRIGHT,  M.  Am.  Soc.  C.  E.* 


Died  February  3d,  1918, 


Augustine  Washington  Wright,  the  son  of  John  Stephen  and 
Catharine  Blackburn  (Turner)  Wright,  was  born  in  Chicago,  111.,  on 
May  29th,  1847,  his  father  having  been  one  of  the  pioneer  settlers  of 
that  city. 

After  his  preliminary  education  at  the  public  schools,  Mr.  Wright 
studied  mathematics  with  a  private  tutor.  In  April,  1867,  he  began 
his  engineering  work  on  the  Eastern  Division  of  the  Union  Pacific 
Railway,  and,  in  1867  and  1868,  was  employed  in  various  capacities 
on  the  surveys  for  that  road  across  the  plains  of  Kansas,  Nebraska, 
and  Colorado. 

During  1869,  he  was  engaged  as  Division  Engineer  on  the  location 
and  construction  of  the  Lexington  and  St.  Louis  Railroad,  and,  in 
1870  and  a  part  of  1871,  he  was  connected  with  the  South  Branch  of 
the  Louisiana  and  Missouri  River  Railway  in  the  same  capacity. 

In  the  latter  part  of  1871,  Mr.  Wright  was  appointed  Assistant 
Engineer  on  the  Arkansas  Central  Railway  and,  in  1872,  he  served 
as  Chief  Engineer  of  the  same  road. 

In  1873,  he  returned  to  Chicago,  111.,  as  Engineer  and  Superin- 
tendent of  the  Ransome  Stone  Works,  which  position  he  held  until 
1875,  when  he  was  appointed  Chief  Engineer  of  the  Federal  Creek 
Valley  Railroad.  He  also  served,  in  1876,  as  Chief  Engineer  of  the 
St.  Louis  and  Toledo  Air  Line  Railroad. 

In  the  latter  part  of  1877,  Mr.  Wright  became  Chief  Engineer  and 
General  Superintendent  of  the  Havana,  Rantoul,  and  Eastern  Rail- 
way. He  had  become  interested  in  steel  cable  railroads,  however,  and, 
in  1878,  he  resigned  this  position,  to  accept  that  of  Chief  Engineer 
and  Superintendent  of  Track  and  Construction  of  the  North  Chicago 
City  Railway,  the  cable  system  established  in  Chicago  by  the  late 
Charles  T.  Yerkes. 

Mr.  Wright  remained  with  the  North  Chicago  City  Railway  for 
a  number  of  years.  In  1889  and  1890,  he  built  the  first  cable  railroad 
in  Los  Angeles,  Cal.,  and,  at  the  same  time,  he  had  two  cable  lines 
under  construction  in  St.  Louis,  Mo.  He  also  acted  as  Consulting 
Engineer  in  connection  with  the  construction  of  first  traction  railway 
in  New  York  City.  When  Mr.  Wright  retired  from  active  railroad 
work  in  1890,  he  had  become  such  an  authority  on  traction  work  that 
he  was  called  in  to  advise  in  a  consulting  capacity  on  such  construction 
in  all  parts  of  the  United  States. 

*  Memoir  prepared  by  the  Secretary  from  information  furnished  by  Paul  Shoup, 
Esq.,  and  on  file  at  the  Headquarters  of  the  Society. 
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In  1899,  Mr.  Wright  gave  up  his  consulting  practice  in  Chicago, 
111.,  and  settled  with  his  family  at  Pomona,  Cal.,  where  he  became  a 
rancher  on  a  large  scale.  In  1912,  however,  he  sold  his  property  at 
Pomona  and  removed  to  Los  Angeles,  where,  on  June  24th,  1913, 
he  was  appointed  a  member  of  the  Board  of  Public  Utilities.  On 
January  4th,  1915,  he  was  re-appointed  to  succeed  himself,  and  served 
as  a  member  of  the  Board  initil  January  1st,  1918,  when  he  resigned 
on  account  of  ill  health.  From  December  17th,  1913,  to  January  27th, 
1915,  he  had  served  as  President  of  the  Board. 

Mr.  Wright  was  one  of  the  foremost  traction  men  in  the  United 
States  and  an  able  engineer  of  wide  experience.  He  contributed  articles 
on  street  car  railroads  to  The  Scientific  American,  Railroad  Journal, 
Engineering  News,  Railway  Gazette,  Journal  of  Railway  Appliances, 
Street  Raihvays,  Popular  Science  News,  and  American  Engineer. 
Some  of  these  were  compiled  later  in  "American  Street  Railways." 
A  review  of  this  book  states  that  it  displays  not  only  intimate  and 
minute  acquaintance  with  all  engineering  and  constructive  questions, 
but  literary  ability  of  a  very  high  order. 

Mr.  Wright's  first  wife.  Miss  Kate  Hanly,  to  whom  he  was  married 
in  1874,  died  in  1877.  He  died  at  his  home  in  Los  Angeles,  Cal.,  on 
February  3d,  1918,  and  is  survived  by  his  widow,  who  was  Miss  Natalie 
Jordan,  of  St.  Louis,  Mo.,  to  whom  he  was  married  on  January  1st,  1890, 
and  by  two  daughters  and  a  son,  the  latter  a  student  at  Stanford 
University. 

Mr.  Wright  was  elected  a  Member  of  the  American  Society  of  Civil 
Engineers  on  May  5th,  1886.  He  was  also  a  member  of  the  Western 
Society  of  Engineers,  having  served  as  its  President  in  1886-87. 
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JOHN  HATFIELD  FRAZEE,  Assoc.  M.  Am.  Soc.  C.  E.* 


Died  May  4th,  1917. 


John  Hatfield  Frazee,  the  son  of  Lawrence  Fisher  Frazee  and 
Sarah  Lee  (Stark)  Frazee,  was  born  at  South  Aniboy,  N.  J.,  on  Sep- 
tember 23d,  1867.  His  father,  who  was  also  born  in  New  Jersey,  was 
engaged  in  the  railroad  and  transportation  business,  and,  during  the 
Civil  War,  had  charge  of  transporting  troops  for  the  Federal  Govern- 
ment. He  devoted  much  of  his  time  to  various  inventions,  including 
a  lifeboat,  which  was  adopted  by  the  Navy  Department,  and  a  canal- 
boat  which  was  designed  to  avoid  the  destruction  of  banks  by  wave 
action;  he  also  invented  the  collapsible  gates  commonly  used  on  ele- 
vated railway  and  subway  trains  and  on  ferry-boats,  and  applied  for 
and  secured  patents  on  various  devices  for  improving  transportation 
facilities. 

His  son,  John  Hatfield  Frazee,  received  his  engineering  degree  from 
New  York  University,  from  which  he  was  graduated  in  June,  1886. 
Shortly  after,  he  entered  the  office  of  the  late  Charles  B.  Brush,  M. 
Am.  Soc.  C.  E.,  being  assigned  by  Mr.  Brush  to  general  city  work. 
Entering  the  service  of  the  Pennsylvania  Railroad  during  the  summer 
of  1887,  he  served  in  the  field  party  of  E.  F.  Brooks,  Engineer  of 
Maintenance  of  Way,  on  the  Princeton  Draw-bridge,  the  new  pas- 
senger line  through  Elizabeth,  N.  J.,  and  on  a  number  of  bridge  and 
grade  changes,  including  the  Jersey  City  elevated  and  terminal  work. 
Mr.  Frazee  was  then  appointed  Assistant  Engineer  in  charge  of  the 
location  and  construction  of  the  Jersey  City  elevated  and  terminal 
work,  and,  on  its  completion,  had  charge  of  the  Harsimus  Cove  third- 
track  improvement,  including  four  bridges  and  various  improvements 
in  and  about  the  Jersey  meadows  and  river  crossings.  He  was  then 
given  charge  of  the  elevated  work  contemplated  through  Elizabeth, 
including  the  location  and  construction  of  abutments,  piers,  ribbed 
arch  bridges,  retaining  walls,  and  about  5  000  ft.  of  double-track 
trestle. 

In  the  early  part  of  1893,  Mr.  Frazee  resigned  from  the  Penn- 
sylvania Railroad  service  to  become  Engineer  of  Construction  on  the 
Lancaster  and  Columbia  Railroad,  a  12-mile  line  of  standard  con- 
struction. Afterward  he  had  charge  of  the  location  and  construction 
of  trolley  lines  in  and  about  Hartford,  Conn.,  and,  subsequently,  of 
the  location,  estimates,  and  construction  of  the  Ivy  Hill  Storage  Reser- 
voir, for  Newark,  N.  J.  In  May,  1894,  he  was  appointed  Chief  Engi- 
neer of  the  Hartford  Street  Railway.     This  System  was  about  to  be 

♦  Memoir  prepared  by  R.  W.  Creuzbaur,  M.  Am.  Soc.  C.  E. 
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changed  from  horse  to  electric  power,  and  the  work  planned  and  car- 
ried out  involved  the  reconstruction  of  existing  lines,  20  miles  of  new 
tracks,  trestles,  bridge  abutments,  and  power  stations,  all  on  the  best 
standards. 

In  February,  1897,  Mr.  Frazee  entered  the  service  of  the  City  of 
New  York,  and  his  record  up  to  the  time  of  his  death  shows  great 
activity  and  capacity  not  only  for  thorough  study  of  engineering 
projects  and  contracts,  but  also  for  many  constructive  changes  in 
various  branches  of  city  work.  He  was  first  engaged  in  1897  as 
Assistant  to  the  writer  on  street  and  highway  improvements  in  the 
Department  of  Public  Works  in  the  old  City  of  New  York.  This 
work  cost  $3  000  000  during  that  year,  and  included  the  reconstruction 
of  Park  Avenue  over  the  New  York  Central  Eailroad  tracks,  and 
many  street  changes  and  improvements.  He  was  also  specially  detailed 
at  this  time  on  studies  of  electrolysis  of  underground  pipes,  etc. 

On  the  consolidation  of  ''Greater  New  York"  in  January,  1898,  the 
Highway  Bureau  of  Manhattan  had  jurisdiction  over  the  whole  city, 
and  the  engineers  proceeded  to  standardize  specifications  for  such 
work,  Mr.  Frazee  having  an  important  part  in  this  difficult  undertaking. 
Subsequently,  he  resigned  to  engage  for  some  time  in  his  former 
specialty  of  electric  railway  construction,  as  Resident  Engineer  of  the 
Dallas  (Tex.)  Consolidated  Electric  Street  Railway.  He  was  afterward 
engaged  on  the  location  and  designs  for  the  New  York  Connecting  Rail- 
way, including  the  Hell  Gate  Bridge  project. 

In  December,  1901,  he  accepted  a  position  with  the  Department  of 
Finance  of  New  York  City,  reporting  to  the  writer  in  the  general  super- 
vision of  engineering  work.  In  the  early  part  of  the  following  year,  he 
was  diily  appointed  a  First  Assistant  Engineer,  and  thereafter  served 
in  many  important  matters,  reporting  as  a  technical  adviser  on  many 
hundreds  of  projects  and  contracts.  He  was  advanced  in  five  promotions 
until  1914,  when  he  was  transferred  to  the  new  Bureau  of  Contract 
Supervision  of  the  Board  of  Estimate,  for  which,  at  the  time  of  his 
death,  he  was  handling  many  of  the  most  important  municipal  engineer- 
ing questions  and  contract  works,  including  all  the  dual  subway  contract 
propositions  for  the  city. 

Mr.  Frazee  had  special  ability  for  analytical  study  of  these 
matters,  and,  having  gone  through  a  training  in  design  and  con- 
struction, his  reports  on  the  many  projects  and  contract  work 
placed  in  his  charge  were  gauged  by  the  stern  necessities  of  good 
practice  and  economy,  and  were  of  great  practical  and  money  value 
to  the  City.  The  writer  looked  to  him,  in  these  dozen  years  of 
such  special  service,  as  an  expert  of  much  ability  along  these  lines  of 
work,  and,  above  all,  as  a  man  of  absolute  honesty  and  perfect  candor 
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in  his  straightforward  exposition  of  defects  in  work  or  design  and 
his  constructive  recommendations  on  plans  and  methods  involved 
in  the  propositions  of  the  many  departments  and  bureaus  having 
authority  to  spend  the  money  of  the  taxpayers. 

His  many  reports  on  these  railroad,  bridge,  dock,  sewer,  and  other 
questions,  in  the  works  which  the  City  has  been  called  on  to  finance, 
indicate  his  ability  and  impartiality  in  handling  the  responsible  duties 
assigned  to  him. 

Referring  only  briefly  to  the  most  important  matters  on  which  he 
made  such  original  recommendations  for  changes  in  plans  and  esti- 
mates prepared  by  the  various  departmental  engineers,  and  where  he 
contested  claims  connected  with  the  many  contracts  made  the  subject 
of  litigation  and  handled  by  the  Comptroller's  engineers,  his  recom- 
mendation to  the  writer  of  the  advantage  in  municipal  works  of  utiliz- 
ing what  was  called  "percentage  unit  bidding",  is  noted.  This 
method  was  put  into  effect  in  the  Bureau  of  Sewers,  of  Brooklyn, 
in  1907,  where,  for  10  years,  it  has  operated  to  promote  competition 
and  reduce  unbalanced  bids,  litigation,  and  undue  profit  or  loss  to  the 
contractors. 

By  diligent  investigation  he  also  brought  out  cases  where  City 
funds  were  afterward  saved  in  carrying  out  sewer  and  water  supply 
projects.  These  are  small  matters  compared  with  the  saving  effected 
by  liis  resistance  to  applications  for  large  appropriations  for  contracts 
of  questionable  utility  to  be  loaded  on  the  City  Treasury. 

Mr.  Frazee  was  also  selected  at  various  times  to  serve  on  a  board 
of  engineers  to  report  to  the  City  authorities  on  difficult  matters  affect- 
ing designs  and  ways  and  means  of  constructing  subways  and  rapid 
transit  extensions.  When  considering  the  question  of  whether  or  not 
New  York  City  should  build  pipe  galleries  in  connection  with  its  more 
important  main  lines  of  subways,  he  examined  very  carefully  the 
questions  of  first  cost,  up-keep,  and^  the  off-setting  savings  in  mutila- 
tion and  maintenance  of  pavements,  and  favored  pipe  gallery  construc- 
tion on  certain  lines  of  the  subway  work.  In  1910,  he  was  selected  by 
the  writer,  acting  as  chairman  of  a  committee  for  the  Mayor,  Comp- 
troller, and  Aldermanic  President,  to  revise  the  contract  forms  and 
specifications  for  the  entire  Tri-borough  System,  presented  to  the 
Board  of  Estimate  by  the  Public  Service  Commission  as  ready  for 
bids.  Out  of  forty  changes  recommended  by  this  committee,  in  which 
Mr.  Frazee  took  a  foremost  part,  twenty-eight  were  accepted  by  the 
Commission  as  recommended,  and  twelve  were  made  the  subject  of 
compromise.  Mr.  Frazee  originated  most  of  these  constructive  recom- 
mendations. 

With  the  passing  away  of  John  Frazee,  the  City  of  New  York  has 
lost  an  engineer  who,  in  the  writer's  opinion,  after  thirty  years  of  close 
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observation,  has  done  more  good  work  along  original  lines  of  engi- 
neering reform  than  any  other  man  in  the  service.  His  personal  char- 
acteristics were  such  that,  although  generous  and  open-handed  to  a 
fault  among  his  friends  and  confidants,  he  stood  out,  even  when  un- 
supported, with  inflexible  determination  in  every  case  where  his 
employer,  the  great  corporation  of  the  City  of  New  York,  had  any 
interest. 

Mr.   Frazee   was   elected   an  Associate  Member   of  the   American 
Society  of  Civil  Engineers  on  December  6th,  1899. 
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EDWARD  McKIM  HAGAR,  Assoc.  M.  Am.  Soc.  C.  E* 


Died  January  18th,  1918. 


Edward  McKim  Hagar  was  born  at  Salem,  Mass.,  on  June  21st, 
1873. 

In  1893,  at  the  age  of  twenty,  he  was  graduated  from  Massachusetts 
Institute  of  Technology,  and,  a  year  later,  completed  a  post-graduate 
course  at  Cornell  University. 

Mr.  Hagar  began  his  business  career  with  the  organization,  at 
Chicago,  111.,  of  the  firm  of  Edward  M.  Hagar  and  Company,  a  machin- 
ery sales  concern  representing  the  Mesta  Machine  Company,  the 
Southwark  Foundry  and  Machine  Company,  and  others. 

When  the  United  States  Steel  Corporation  was  formed,  in  1900, 
Mr.  Hagar  was  made  General  Manager  of  the  Cement  Department 
of  the  Illinois  Steel  Company,  at  Chicago.  On  October  1st,  1906,  the 
Universal  Portland  Cement  Company,  a  subsidiary  of  the  United 
States  Steel  Corporation,  was  organized,  and  he  was  elected 
its  President.  During  his  connection  with  the  cement  industry  Mr. 
Hagar  served  for  two  years  as  President  of  the  Association  of  Amer- 
ican Portland  Cement  Manufacturers,  and  also  organized  the  Cement 
Products  Exhibition  Company  which  held  its  first  annual  industrial 
exhibition  in  1907. 

On  January  28th,  1915,  he  resigned  the  Presidency  of  the  Universal 
Portland  Cement  Company  to  organize  a  new  cement  company  for 
the  purpose  of  acquiring  and  operating  a  chain  of  strategically  located 
cement  plants  across  the  continent.  He  is  credited  with  failure  to 
finance  this  venture,  but  to  the  uninitiated  the  following  sidelight  is 
interesting-  A  preliminary  agreement  had  been  reached  with  certain 
New  York  bankers  and  a  plan  of  financing  approved.  Mr.  Hagar 
and  his  attorney  were  just  entering  the  elevator  of  the  building  in 
which  the  bankers  were  located,  with  the  papers  drawn  up  and 
approved,  ready  for  final  signatures,  when  the  announcement  of  the 
Lusitania  sinking  was  made.  The  bankers  said,  "We  had  better  wait 
until  we  see  what  this  means." 

About  this  time,  Mr.  Hagar  was  called  to  New  York  City  by  another 
group  of  financiers  and  offered  the  Presidency  of  The  Wright  Com- 
pany, which  had  just  acquired  control  of  the  Simplex  Automobile 
Company  for  the  purpose  of  building  the  remarkable  "Hispano-Suiza" 
aeronautic  motor,  now  well  known  at  the  front  abroad.  Later,  The 
Wright  Company  took  over  the  Glenn  L.  Martin  Company  of  Los 
Angeles,  Cal.,  aeroplane  manufacturers,  and  the  Wright-Martin  Air- 
craft Corporation  waS  organized  and  Mr.  Hagar  elected  its  President 

*  Memoir  prepared  by  E.  W.  Burbott,  Esq. 
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on  September  Sth,  1916.  Here  his  great  belief  and  enthusiasm  in  the 
ultimate  future  of  the  aircraft  industry  could  not  be  confined  within 
the  limits  set  by  his  Board  of  Directors,  and,  on  February  17th,  1917, 
he  resigned  the  Presidency  of  that  Corporation. 

He  next  became  connected  with  the  American  International  Cor- 
poration, where  he  organized,  and,  on  September  7th,  1917,  was  elected 
President  of,  the  American  International  Steel  Corporation,  a  sub- 
sidiary formed  for  the  purpose  of  merchandising  American  steel  and 
steel  products  abroad.  Mr.  Hagar  retained  this  position  until  his  death 
which  occurred  at  his  residence,  960  Park  Avenue,  New  York  City, 
on  January  ISth,  1918,  of  acute  pneumonia,  after  an  illness  of  only 
five  days. 

He  was  a  member  of  the  following  societies  and  clubs:  American 
Society  of  Mechanical  Engineers;  American  Society  for  Testing  Mate- 
rials ;  Western  Society  of  Civil  Engineers ;  American  Institute  of  Min- 
ing Engineers ;  Automobile  Club  of  America ;  Technology  Club  of  New 
York ;  New  York  Yacht  Club ;  Engineers  Club ;  University  Club ;  The 
Recess;  Duquesne  Club  of  Pittsburgh;  Chicago  Club;  and  the  Phi 
]\^appa  Psi  Fraternity. 

Mr.  Hagar  was  elected  an  Associate  Member  of  the  American  Society 
of  Civil  Engineers  on  February  6th,  1901. 
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WILLIAM  HAGUE,  Assoc.  M.  Am.  Soc.  C.  E.* 


Died  January  2d,  1918. 


William  Hague,  First  Lieutenant,  116tli  Regiment  of  Engineers, 
American  Expeditionary  Eorce,  died  in  active  service,  of  pneumonia, 
on  January  2d,  1918,  at  the  Red  Cross  Hospital,  in  Paris,  France. 

William  Hague,  the  only  son  of  James  D.  Hague,  a  very  distin- 
guished mining  engineer,  and  Mary  Ward  (Foote)  Hague,  of  Guilford, 
Conn.,  was  born  in  Orange,  N.  J.,  on  March  31st,  1882.  He  attended 
Milton  Academy,  at  Milton,  Mass.,  and  was  graduated  from  Harvard 
University  in  the  class  of  1904,  taking  a  post-graduate  course  in 
geology  and  mining. 

On  leaving  Harvard,  Mr.  Hague  went  to  work  as  a  surveyor's  helper 
in  the  mines  of  the  Copper  Queen  Company,  at  Bisbee,  Ariz.,  but  was 
soon  engaged  as  Assistant  on  the  construction  work  of  the  Copper 
Queen  smelting  plant,  at  Douglas.  In  the  latter  part  of  1905,  he  was 
transferred  to  the  Geological  Department  of  the  Company  and  con- 
tinued in  that  work  until  May,  1906.  The  summer  of  1906  was  spent 
in  surveying  and  prospecting  lands  in  the  vicinity  of  the  Calumet 
and  Hecla  Mines,  in  which  his  father  was  interested.  In  the  fall, 
he  returned  as  Assistant  on  the  construction  of  the  Douglas  Plant  of 
the  Copper  Queen  Company,  and  remained  there  for  more  than  a 
year.  During  the  winter  of  1908,  he  was  traveling  and  studying, 
increasing  his  experience  and  making  careful  notes  of  interesting 
mines  and  machinery,  and  working  occasionally.  For  two  months, 
he  was  Night  Boss  in  the  Cyanide  Plant  of  the  Guanajuato  Consoli- 
dated Mine,  but  his  main  purpose  was  the  acquirement  of  knowledge 
and  experience. 

A  case  of  rather  complicated  appendicitis  kept  Mr.  Hague  from 
work  during  most  of  1908,  but,  in  September,  after  the  death  of  his 
father,  he  was  elected  Managing  Director  of  the  North  Star  Mines 
Company.  As  his  father  had  been  President  of  this  Company  and  had 
operated  the  mines  successfully  for  more  than  twenty-five  years,  Mr. 
Hague  was  his  natural  successor.  During  1909  and  1910,  however, 
he  was  engaged  in  geological  work  in  Bisbee,  Ariz.,  for  the  Copper 
Queen  Company.  He  also  examined  all  the  principal  copper  mines 
of  Nevada  and  Arizona,  and  his  notebooks  of  his  observations  of  the 
"Porphyry  Coppers"  are  wonders  of  intelligent  detail,  arranged  in 
such  order  and  clearness  that  any  engineer  might  profit  by  them. 

In  1911,  Mr.  Hague  was  Assistant  to  Mr.  J.  R.  Finlay  in  the 
appraisal  of  copper  mines  for  the  State  of  Michigan.  Since  1910,  when 
he  married  Elizabeth  Stone,  of  Milton,  Mass.,  he  had  resided  in  Grass 

*  Memoir  prepared  by  Arthur  DeWint  Foote,  M.  Am.  Soc.  C.  E. 
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Valley,  or  rather  at  the  North  Star  Mine.  His  insatiable  thirst  for 
knowledge,  however,  would  not  allow  him  rest  from  the  search,  and 
he  studied  the  mines  of  the  Mother  Lode  to  the  south,  and  of  Sierra 
and  Plumas  to  the  north,  filling  his  notebooks  as  usual  with  details 
and  maps  for  future  use.  He  was  not  only  a  student  of  mines,  but 
a  great  reader  of  history  from  his  youth,  and  he  constantly  acquired 
the  general  engineering  knowledge  obtainable  from  books,  societies,  and 
periodicals.  In  order  that  he  might  broaden  his  knowledge  of  engi- 
neering, he  became  a  member  of  the  American  Institute  of  Mining 
Engineers,  the  Mining  and  Metallurgical  Society,  and  other  technical 
associations.  He  was  also  a  member  of  the  Harvard  Club,  the  Engineers 
Club,  and  the  Downtown  Association  of  New  York. 

Mr.  Hague  early  recognized  the  results  that  would  inevitably  come 
from  Germany's  action  in  Belgium  and  on  the  sea,  and  prepared  him- 
self by  going  to  Plattsburgh  in  1916  to  learn  the  trade  of  war.  After 
earnest  work  there,  he  obtained  a  commission  as  First  Lieutenant  in 
the  Engineers  Reserve  Corps,  and  was  called  into  service  soon  after 
the  declaration  of  war :  first  at  the  Presidio ;  thence  to  Vancouver  Bar- 
racks, American  Lake,  Charlotte,  Mineola,  and  France. 

Trained  to  order  and  system,  and  loving  them,  Lieut.  Hague  strove 
for  months  to  bring  method  and  direction  into  the  chaos  of  the  new 
training  camps  and  teach  uncouth  boys  to  be  men  and  soldiers — detailed 
drudgery  of  the  most  wearing  kind  to  his  orderly  mind.  He  never 
failed  for  a  moment  in  the  work,  though  it  undoubtedly  weakened 
him  in  health,  so  that  when  attacked  by  illness  he  lived  only  a  few  days 

As  a  brilliant  editor  has  written: 

"Military  preparation  is  inevitably  attended  by  some  loss  of  life. 
In  our  case,  this  time,  it  has  been  comparatively  low.  But  every  faith- 
ful soldier,  every  zealous  officer  who  has  died  in  camp  or  in  transport 
has  given  his  life  as  truly  to  win  the  war  as  though  he  died  in  actual 
engagement  with  the  enemy.  Whoever  has  dedicated  himself  to  the 
war  has  bargained  to  give  his  life  whenever  it  shall  be  demanded  of 
him.  Whether  or  when  the  summons  will  come  he  cannot  tell,  but 
whenever  it  does  come,  be  it  by  pneumonia  or  other  camp  disease,  or 
by  drowning  in  transport,  or  by  death  from  womids  at  the  front,  it 
is  equally  a  case  of  dedication  fulfilled  and  sacrifice  accepted  for  the 
great  cause  that  beckons  to  us  all." 

Young,  with  a  wife  and  son,  a  goodly  fortune,  a  worthy  position 
in  his  profession,  everything  to  make  life  worth  living,  and  living  that 
life  worthily  and  happily,  William  Hague  carefully  planned  and  delib- 
erately worked  to  give  it  all  as  the  simple  duty  of  citizenship. 

Mr.  Hague  was  elected  an  Associate  Member  of  the  American 
Society  of  Civil  Engineers,  on  October  4th,  1910. 
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JOEL  MANNING  HOWARD,  Assoc.  M.  Am.  Soc.  C.  E.* 


Died  May  25th,  1917. 


Joel  Manning  Howard  was  born  in  Ogdensburg,  N.  Y.,  on  April 
24th,  1880.  His  early  education  was  obtained  in  the  public  schools 
of  that  city,  and  he  was  graduated  from  the  Ogdensburg  Free  Academy. 
He  then  entered  the  Mechanical  Engineering  Course  at  Clarkson 
College  of  Technology,  at  Potsdam,  ISI".  Y.,  from  which  he  was  gradu- 
ated in  1902,  with  the  degree  of  B.  S. 

Immediately  after  his  graduation,  Mr.  Howard  entered  the  service  of 
the  United  States  Lake  Survey,  where  he  was  engaged  on  the  topo- 
graphic and  hydrographic  survey  of  the  St.  Lawrence  River.  Upon 
leaving  the  Government  service,  he  was  employed  by  the  Barber  Asphalt 
Paving  Company,  and  afterward  had  charge  of  the  water-proofing  of 
the  subway  tunnels  in  New  York  City,  for  the  Sicilian  Asphalt  Paving 
Company. 

In  June,  1907,  Mr.  Howard  received  an  appointment  from  the 
State  Engineer  of  New  York,  and  was  assigned  to  take  charge  of 
contracts  in  Oswego  County.  In  1909,  he  was  transferred  to  work 
in  St.  Lawrence  County,  and  had  complete  charge  of  all  the  State 
road  work  of  that  County.  He  held  this  position  until  1913,  when  he 
was  appointed  County  Superintendent  of  Highways  by  the  Board  of 
Supervisors  of  St.  Lawrence  County,  which  position  he  held  until  his 
death. 

Mr.  Howard  was  recognized  by  all  who  knew  him  as  a  man  of 
splendid  character  and  high  ideals,  which,  together  with  conscientious 
service  and  interest  in  his  profession,  his  community,  and  pu))lic 
affairs,  made  him  a  valuable  public  servant. 

He  is  survived  by  his  wife,  who  was  Miss  Gertrude  Crapser,  of 
Waddington,  N.  Y.,  and  two  sons.  He  was  a  member  of  Acacian  Lodge, 
F.  and  A.  M.,  and  the  Century  Club,  of  Ogdensburg,  N.  Y. 

Mr.  Howard  was  elected  an  Associate  Member  of  the  American 
Society  of  Civil  Engineers  on  June  4th,  1913. 

*  Memoir  prepared  by  Charles  A.  Pohl,  M.  Am.  Soc.  C.  E. 
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CLARK  WALLACE  THOMPSON,  Assoc.  M.  Am.  Soc.  C.  E.* 


Died  March  16th,  1918. 


Clark  Wallace  Thompson  was  born  at  St.  Paul,  Minn.,  on  August 
27th,  1866.  His  father  was  the  late  Clark  W.  Thompson  who  was 
Superintendent  of  Indian  Affairs  under  President  Lincoln.  The 
family  moved  to  La  Crosse,  Wis.,  and  it  was  here  that  Mr.  Thompson 
grew  to  manhood.  He  was  educated  in  the  public  schools  of  that  city 
and  was  graduated  from  the  High  School.  He  then  entered  Rensselaer 
Polytechnic  Institute,  at  Troy,  N.  Y.,  from  which  he  was  graduated 
in  1887  with  high  honors  as  a  Civil  Engineer. 

He  began  his  engineering  work  in  the  fall  of  1887  as  a  Draftsman 
with  the  "Soo"  Railroad  Company,  at  Minneapolis,  Minn.,  resigning 
to  go  to  the  Duluth  and  Iron  Range  Railroad  Company  as  Assistant 
to  the  Resident  Engineer  on  construction  work. 

During  the  summer  and  fall  of  1888  Mr.  Thompson  was  Engineer 
in  charge  of  the  construction  of  a  submerged  water  main  connecting 
the  Duluth  and  West  Superior  Water- Works,  as  well  as  a  pump-house 
intake  pipe  and  crib  for  the  Superior  Water- Works. 

In  1889,  he  was  engaged  on  water-works  construction  in  North 
St.  Paul,  Minn.,  and  also  at  Duluth,  Minn.,  where  he  supervised  and 
built  a  storage  reservoir  and  gas-holder  for  the  Duluth  Gas  and  Water 
Company.  In  1890,  Mr.  Thompson  went  to  Lakeside,  Minn.,  where 
he  was  employed  on  the  construction  of  the  water-works.  He  was  also 
engaged  on  the  building  of  gas-works  for  the  Duluth  Gas  and  Water 
Company. 

In  1891,  he  returned  to  La  Crosse,  Wis.,  where  he  opened  an  office 
as  a  Consulting  Engineer.  Later,  he  became  associated  with  the 
S.  Y.  Hyde  Elevator  Company,  and  designed  and  built  several  grain 
elevators.  In  1893  he  was  elected  Treasurer  of  that  Company,  which 
position  he  retained  until  1901,  when  he  moved  to  Cascade  Locks,  Ore., 
to  undertake  the  management  of  the  Wind  River  Lumber  Company. 
He  designed  and  built  that  Company's  lumber  mill,  said  to  be  one  of 
the  best  on  the  Pacific  Coast,  and  the  structures  for  driving  and 
flooding  the  streams  to  which  the  timber  of  the  Company  is  tributary. 

Mr.  Thompson  had  been  in  poor  health  for  a  year  or  more,  from 
heart  trouble.  In  the  fall  of  1917,  in  the  hope  that  the  mild  climate 
of  Southern  California  might  benefit  him,  he  went  to  Los  Angeles, 
Cal.,  where  he  died  on  March  16th,  1918. 

*  Memoir  prepared  by  the  Secretary  from  information  on  file  at  the  Headquarters 
of  the  Society. 
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In  1892,  Mr.  Thompson  was  married  to  Miss  Jessie  M.  Hyde,  the 
eldest  daughter  of  the  late  S.  Y.  Hyde,  of  La  Crosse,  Wis.,  who  with 
seven  children,  survives  him. 

During  his  residence  in  La  Crosse,  he  took  an  active  part  in  public 
affairs,  and.  as  a  member  of  the  City  Council,  had  given  efficient  and 
loyal  service,  especially  in  problems  in  which  his  engineering  experi- 
ence Avas  of  value.  He  was  known  on  the  Pacific  Coast  as  a  clever 
engineer,  and  his  many  friends  will  remember  him  as  a  loyal  fellow 
citizen,  a  generous  host  and  friend,  and  for  all  the  qualities  that  go 
to  make  a  lovable  character. 

Mr.  Thompson  was  elected  a  Junior  of  the  American  Society  of 
Civil  Engineers  on  IMarch  r)th.  1890,  and  an  Associate  Member  on 
July  3d.  1895. 
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LOUIS  WACHTEL,  Assoc.  HI.  Am.  Soc.  C.  E.* 


Died  October  10th,  1917. 


Louis  Wachtel  was  born  in  Gloversville,  N.  Y.,  on  December  9th, 
1885.  He  spent  his  boyhood  in  Gloversville  and  received  his  early 
education  in  the  public  schools  of  that  place.  After  graduating  from 
the  High  School  in  1903,  he  entered  Union  College  to  prepare  for  his 
future  profession  as  a  Civil  Engineer.  Wliile  there  he  was  a  rdember 
of  the  Delta  Phi  Fraternity. 

After  leaving  college  in  1906,  Mr.  Wachtel  entered  the  employ  of 
the  New  York  State  Highway  Department  as  a  Chainman.  By  his 
capabilities  and  industry,  he  steadily  advanced  through  the  various 
civil  service  grades  until  he  had  reached  the  rank  of  Assistant  Engi- 
neer, when  he  was  compelled  to  give  up  active  work  on  account  of  ill 
health. 

Mr.  Wachtel  was  extremely  well  liked  by  all  his  associates,  and 
it  was  with  great  sorrow  that  his  many  friends  learned  of  his  death 
on  October  10th,  1917,  at  Welles,  N.  Y.,  where  he  had  spent  the  last 
few  years  of  his  life.  By  his  work  and  conduct,  which  were  always 
beyond  criticism,  he  gave  promise  of  going  far  in  his  profession. 

He  was  married  in  1913,  to  Miss  Pauline  L.  Cohn,  of  Saratoga 
Springs,  N.  Y.,  who  survives  him. 

Mr.  Wachtel  was  elected  a  Junior  of  the  American  Society  of  Civil 
Engineers  on  March  2d,  1909,  and  an  Associate  Member  on  September 
2d,  1914. 

•  Memoir  prepared  by  J.  H.  Sturdevant,  Assoc.  M.  Am.  Soc.  C.  E. 
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ROGER  TAPPAN,  Juii.  Am.  Soc.  C.  E.* 


Died  December  6th,  1916. 


Roger  Tappan,  the  son  of  the  Rev.  Daniel  Dana  Tappan  and  Abigail 
(Marsh)  Tappan,  was  born  in  Marshfield,  Mass.,  on  November  27th, 
1848. 

After  his  graduation  from  the  Massachusetts  Institute  of  Tech- 
nology, Mr.  Tappan  was  employed  as  an  Assistant  Engineer  on  the 
northern  extension  of  the  old  Eastern  Railroad.  He  was  afterward 
engaged  as  an  Assistant  on  the  Engineering  Staff  of  the  Fitchburg 
Railroad  during  the  construction  of  the  Hoosac  Tunnel,  and  had 
charge  of  railroad  surveys  in  the  Adirondack  Moimtains,  as  well  as  in 
several  of  the  Western  States.  His  last  engineering  work  was  as  Engi- 
neer in  charge  of  the  survey  for  the  North  Conway  and  Mt.  Kearsarge 
Railroad,  a  proposed  line  up  Mt.  Kearsarge,  in  New  Hampshire,  which 
was  never  constructed. 

As  a  young  man,  Mr.  Tappan  had  taught  drawing  in  the  public 
schools  of  Salem  and  Haverhill,  Mass.,  and  about  1890,  he  gave  up 
engineering  work  to  devote  his  time  to  painting  in  water  colors 
and  oils.  He  studied  art  in  Boston,  New  York  City,  and  Paris,  and 
spent  much  of  the  latter  part  of  his  life  abroad. 

He  died  on  December  6th,  1916,  at  Natick,  Mass.,  and  was  buried 
at  Topsfield,  Mass.  He  is  survived  by  his  second  wife,  who  was  Miss 
Anna  Moberg,  of  Sjundea,  Finland,  his  first  wife.  Miss  Elizabeth 
Carleton.  of  Haverhill,  Mass.,  having  died  in  1890. 

Mr.  Tappan  was  elected  a  Junior  of  the  American  Society  of  Civil 
Engineers  on  December  3d,  1884. 

*  Memoir  prepared  by  the  Secretary  from  information  on  file  at  the  Headquarters 
of  the  Society. 
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NELSON  JAMES  WELTON.  F.  Am.  Soc.  C.  E. 


Died  June  5th,  1917. 


Nelson  James  Welton  was  born  on  February  15th,  1829,  in  the 
Bucks  Hill  District  of  Waterbury,  Conn.,  in  the  house  which  was  held, 
by  inheritance,  by  six  generations  of  descendants  of  Richard  Welton 
who  is  said  to  have  been  the  first  male  child  born  in  Waterbury. 

Mr.  Welton  received  his  education  in  the  district  schools  and  the 
old  Waterbury  Academy,  where  he  studied  surveying  and  civil  engineer- 
ing. In  1850,  with  his  appointment  as  County  Surveyor  of  New  Haven 
County,  he  began  a  career  as  a  civil  engineer  wliich  lasted  for  more 
than  half  a  century. 

From  1853  to  1885,  he  served  as  City  Surveyor  of  Waterbury;  he 
also  had  charge  of  the  construction  of  that  city's  water-works,  and  was 
its  General  Manager  for  more  than  30  years,  his  record  for  economy 
of  operation  being  exceptional.  When  the  city's  first  sewerage  system 
was  ordered  to  be  built,  Mr.  Welton  was  employed  as  Engineer  in  charge 
of  its  construction.  In  1878,  he  was  appointed  a  member  of  the  Con- 
necticut State  Board  of  Civil  Engineers,  which  Board  was  organized  to 
inspect  the  reservoirs  and  dams  in  the  State,  and  continued  as  a  mem- 
ber until  he  resigned  in  1902. 

Aside  from  his  engineering  activities,  Mr.  Welton  held  many  im- 
portant public  offices,  serving  as  City  Clerk  from  1853  to  1858 ;  Town 
Clerk  from  1856  to  1863;  and  for  twenty-eight  years  he  was  a  Justice 
of  the  Peace.  In  1859,  he  was  elected  a  Judge  of  the  Probate  Court ; 
in  1861,  as  Repre-<entative  from  Waterbury  to  the  State  General  Assem- 
bly; in  1863-64,  as  Recorder  of  the  City  Court;  and  from  1867  to  1896 
(with  the  exception  of  two  years)  he  was  President  of  the  Board  of 
Water  Commissioners.  In  1853,  when  the  Riverside  Cemetery  Associa- 
tion was  organized,  he  was  made  Superintendent,  and  had  also  served 
as  its  Treasurer  since  1865. 

Mr.  Welton  was  greatly  interested  in  many  of  Waterbury's  public 
institutions,  and  rendered  vahiable  service  in  securing  the  bequest  for, 
and  the  establishment  of,  the  Bronson  Public  Library  in  1870.  He  was 
an  Incorporator  and  a  Director  of  the  Waterbury  Savings  Bank,  a 
Director  of  the  Waterbury  National  Bank,  and  a  member  of  the  Cor- 
poration of  and,  for  a  time,  Treasurer  of  St.  Margaret's  School  for  Girls. 

He  was  a  life  long  member  of  St.  John's  Protestant  Episcopal 
Church,  having  been  connected  with  its  Simday  School  for  52  years 


*  Memoir  prepared  by  the  Secretary  from  information  furnished  by  William  O. 
Smith,  Esq.,  Waterbury,  Conn. 
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and  having  served  as  its  Senior  Warden  from  1889  until  his  death. 
Mr.  Welton  was  a  Mason,  a  Knight  Templar,  and  a  Shriner. 

He  was  a  man  of  quiet  nature,  and  fond  of  home  life.  He  was  also 
a  good  business  man,  one  of  his  most  marked  characteristics  being  his 
sound,  level-headed  judgment.  Having  been  widely  known  in  Water- 
bury  through  his  church,  fraternity,  and  business  associations,  he  was 
held  in  great  respect  and  deep  affection  by  those  who  knew  him. 

Mr.  Welton  was  a  Charter  Member  of  the  Connecticut  Society  of 
Civil  Engineers,  and  was  elected  a  Fellow  of  the  American  Society  of 
Civil  Engineers  on  January  20th.  1873. 
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BOILERS. 

—  for  dredges  used  on  Panama  Canal.     523. 

BREAKWATERS. 

—  for   Cape   Cod   Canal.     36. 

BRICK. 

—  pavements.     1391,    1404. 
Rattler  test  for  paving  — .     1445. 

BRIDGE  PIERS. 

"Obstruction  of  —  to  the  Flow  of  Water."  Floyd  A.  Nagler.  334. 
Discussion :  A.  J.  Wiley,  R.  D.  Goodrich,  E.  W.  Lane,  Mansfield 
Merriman,  F.  H.  Frankland,  Charles  Evan  Fowler,  Robert  E. 
Horton,  and  David  A.  Molitor.     364. 

Sec  also   FOUNDATIONS. 

BRIDGES. 

—  across  the   Cape  Cod   Canal.     44. 

Harlem  River  Bridge,   Manhattan   Elevated  Railways.     605.  682. 

"Obstruction  of  Bridge  Piers  to  the  Flow  of  Water."  Floyd  A. 
Nagler.     (With  Discussion.)     334. 

"Stress  Measurements  on  the  Hell  Gate  Arch  Bridge."  D.  B.  Stein- 
man.  1040.  Discussion:  H.  J.  Bingham  Powell,  J.  A.  L.  Waddell, 
F.  H.  Frankland,  L  A.  Waterbury,  F.  D.  Hughes,  A.  H.  Fuller, 
James  E.  Howard,  Isidore  Delson,  Gustav  Lindenthal,  John  I. 
Parcel,  H.  M.  MacKay,  F.  E.  Turneaurc,  Henry  S.  Jacoby,  O.  H. 
Ammann,  C.  A.  Randorf,  and  David  A.  Molitor.     1077. 

"The  Hell  Gate  Arch  Bridge  and  Approaches  of  the  New  York 
Connecting  Railroad  over  the  East  River  in  New  York  City." 
O.  H.  Ammann.  852.  Discussion :  W.  H.  Breithaupt,  Leon  S. 
Moisseiflf,  Samuel  T.  Wagner,  Charles  Evan  Fowler,  Henry  H. 
Quimby,  Henry  B.  Seaman,  Gustav  Lindenthal,  and  Clement  E. 
Chase.     1005. 

CANALS. 

"Ice  Diversion,  Hydraulic  Models,  and  Hydraulic  Similarity."  Benja- 
min F.  Groat.      (With   Discussion.)      113S. 

"The  Cape  Cod  Canal."  William  Barclay  Parsons,  i.  Discussion: 
Clemens  Herschel  and  T.  Kennard  Thomson.     144. 

The  distribution  of  stresses  in  mitering  lock-gates,  with  special  refer- 
ence to  the  gates  of  the  Panama  Canal.  Discussion  by  David  A. 
Molitor.     1469. 

"The  Three  15-Cubic  Yard  Dipper-Dredges,  Ganihoa,  Paraiso,  and 
Cascadas,  as  Supplied  and  L^sed  on  the  Panama  Canal."  Ray  W. 
Berdeau.     (With   Discussion.)     515. 


t 


1742  SUBJECT    INDEX 

CANTILEVER  BRIDGES. 

Compai-ative  designs  of  cantilever,  continuous  girder,  and  suspension 
types  for  Hell  Gate  Arch  Bridge.     865. 

CEMENT. 

—  concrete  pavement.     1391,   1407. 

"Specifications  and  Methods  of  Tests  of  Portland  —  ."     166. 
CLAY. 

Construction  of  earth  and  sand  • —  roads.     1409. 
COLUMNS. 

—  for  Manhattan  Elevated  Railways.     573,  747,  752. 

Final  report  of  the*  Special  Committee  on  Concrete  and  Reinforced 
Concrete.     Discussion  by  L.  J.  Mensch  and  others.     1541. 

CONCRETE. 

Cement  —  pavement.     1391,    1407. 

Final  report  of  Special  Committee  on  —  and  Reinforced  — .  Discus- 
sion by  L.   J.    Mensch   and   others.     1541. 

Method  of  building  —  piers  for  viaduct  for  New  York  Connecting 
Railroad.     1020. 

CONTINUOUS    GIRDERS. 

Comparative  designs  of  cantilever,  continuous  girder,  and  suspension 
types  for  Hell  Gate  Arch  Bridge.     865. 

CONTRACTORS'  PLANT. 

—  used  in  erection   of   Hell   Gate  Arch   Bridge   and   approaches.     922, 

957,  1020. 

—  used  on  Manhattan  Elevated  Railwa}'  improvements.     731. 

COST  KEEPING. 

—  for  roads  and  pavements.     1430. 

COSTS  OF  WORK. 

Cost  of  spreading  flood  waters  in  San  Bernardino  Basin,  California. 
803. 

—  in   repairing   reservoirs   at  Portland,   Ore.     780. 

—  on  Hell  Gate  Arch  Bridge.     882,  975. 

—  on   Manhattan    Elevated   Railway   improvements.     733.  • 

"The  Three  15-Cubic  Yard  Dipper-Dredges,  Gamboa,  Paraiso,  and 
Cascadas,  as  Supplied  and  Used  on  the  Panama  Canal."  Ray  W. 
Berdeau.     (With    Discussion.)     515. 

CURRENT  DEFLECTORS. 

"Ice  Diversion,  Hydraulic  Models,  and  Hydraulic  Similarity."  Benja- 
min F.  Groat.     (With  Discussion.)     1138. 
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DAMS. 

"Detention  Reservoirs  with  Spillway  Outlets  as  an  Agcncj-  in  Flood 
Control."     H.   M.    Chittenden.     (With    Discussion.)      1473. 

DRAINAGE. 

—  tunnels  to  stop  a  land  slide.     767. 

"The  Subsidence  of  Muck  and  Peat  Soils  in  Southern  Louisiana  and 
Florida."  Charles  W.  Okey.  396.  Discussion:  Arthur  E.  Mor- 
gan, Orrin  Randolph,  Rudolph  Hering,  J.  F.  Coleman,  William 
T.  Lyle,  William  H.  Kimball,  and  S.  H.  McCrory.     420.  • 

DRAW-BRIDGES. 

Harlem  River  Bridge,   Alanhattan  Elevated  Railways.     605,  682. 

DREDGES. 

Sec  DREDGING. 

DREDGING. 

—  and   dredges,   Cape   Cod   Canal.     24. 

"The  Three  15-Cubic  Yard  Dipper-Dredges,  Ganiboa,  Paraiso,  and 
Cascadas,  as  Supplied  and  Used  on  the  Panama  Canal."  Ray  W. 
Berdeau.  515.  Discussion:  Charles  Evan  Fowler,  Arthur  W. 
Manton,  A.  W.   Robinson,   and  William   M.   Rosewater.     529. 

ELEVATED  RAILROADS. 

Brief  history  of  —  in   New  York  City.     748. 

"Manhattan  Elevated  Railway  Improvements."  F.  W^  Gardiner  and 
S.  Johannesson.  551.  Discussion:  Clarence  E.  Carpenter,  George 
H.  Pegram,  T.  Kennard  Thomson,  Edward  Wegmann,  and  How- 
ard Constable.     745. 

ENGINEERING. 

"Address  at  the  Annual  Meeting,  January  i6th,  1918."  George  H. 
Pegram.     158.  ' 

ENGINEERING  GLOSSARIES. 

Definitions  of  highway  engineering  terms.     1420  ct  scq. 

ENGINEERING  LIBRARIES. 

Classification   for  an  engineering  library.     1616,   1618. 
History  of  the  Library   of   the  American   Society  of   Civil   Engineers. 
1589. 

ENGINEERING  SOCIETIES. 

"The  Activities  of  the  American  Society  of  Civil  Engineers  During 
the  Past  Twenty-Five   Years."     Chas.   Warren  Hunt.     1577. 
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ENGINES. 

—  for   dredges   used   on   Panama   Canal.     520. 

ESTHETICS. 

—  considered   in   design  of   Hell   Gate  Arch   Bridge.     863. 

EVAPORATION. 

—  in  San  Bernardino  Basin,  California.     818. 

EXCAVATION. 

—  by  dredges   on   Panama   Canal.     524. 

—  for  the  Cape  Cod  Canal.     24. 

EXTENSOMETERS. 

—  used  in  measuring  stress  in  railroad  track.     1216  ct  scq. 

—  used  in  measuring  stresses  on  Hell  Gate  Arch   Bridge.     1047,   1077, 

1085. 

EYE-BARS. 

Tests  of  —  for  Hell  Gate  Arch   Bridge.     907. 

FINANCE. 

Financing  and   franchise  of   New   York   Connecting  Railroad.     1000. 

FLOODS. 

"Detention   Reservoirs  with   Spillway  Outlets   as   an  Agencj'   in   Flood 

Control."     H.    M.    Chittenden.     (With    Discussion.)     1473. 
"Hydraulic  Phenomena  and  the  Eflfect  of  Spreading  of  Flood  Water 

in  the  San  Bernardino  Basin,  Southern  California."     A.  L.  Sondc- 

regger.      (With    Discussion.)     802. 
Methods   of   diverting   and    spreading   flood   water   of   the    Santa   Ana 

River  at  San  Bernardino,   Cal.     815. 

FLOORS. 

Bridge  —  for  Hell  Gate  Arch  Bridge.    880,  902,  982. 

FLUMES. 

—  used  in   determining  effects  of  designs  of  bridge  piers  on   flow  of 

water.     338. 

FOUNDATIONS. 

—  and  shoring  for  structures  on  Manhattan  Elevated  Railways.     634. 
Masonry  towers  and  — ■  ,  Hell  Gate  Arch  Bridge.     872,  882. 

Piers  for  bridges  over  Cape  Cod  Canal.     46. 

GEOLOGY. 

—  of  San  Bernardino  Basin,  California,  in   relation  to  flow  of  under- 

ground  water.     802. 
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GLOSSARIES. 

See  ENGINEERING   GLOSSARIES. 

GRAVEL. 

—  roads.     1388,   141 1. 

Tests  of  specific  gravity,  etc.,  of  —  .     1438. 

GROUND-WATER. 

"Hydraulic  Phenomena  and  the  Effect  of  Spreading  of  Flood  Water 
in  the  San  Bernardino  Basin,  Southern  California."  A.  L.  Sonde- 
regger.     (With    Discussion.)     802. 

HIGHWAYS. 

Definitions  of  highway  engineering  terms.     1420  ct  seq. 
See  also  PAVEMENT:  ROADS. 

ICE. 

" —  Diversion,  Hydraulic  Models,  and  Hydraulic  Similarity."  Benja- 
min F.  Groat.  1138.  Discussion:  M.  O.  Leighton,  J.  Waldo 
Smith,  Robert  Fletcher,  A.  F.  Parker,  and  E.  E.  R.  Tratman. 
1 1 52. 

INSTRUMENTS. 

—  used  in  measuring  stresses  in  railroad  track.     1216  ct  scq. 

INTAKES. 

Protection  of  —  of  power  plants  from  floating  ice,  etc.     1138. 

IRRIGATION. 

"Hydraulic  Phenomena  and  the  Effect  of  Spreading  of  Flood  Water 
in  the  San  Bernardino  Basin,  Southern  California."  A.  L.  Soiidc- 
regger.     (With  Discussion.)     802. 

LAND   RECLAMATION. 

"The  Subsidence  of  Muck  and  Peat  Soils  in  Southern  Louisiana  and 
Florida."     Charles   W.   Okey.     (With   Discussion.)     396. 

LAND  SLIDES. 

"A  Phenomenal  Land  Slide  —  Supplement."  D.  D.  Clarke.  767.  Dis- 
cussion :  George  L.  Dillman.     797. 

LIBRARY  CLASSIFICATIONS. 

See  ENGINEERING  LIBRARIES. 

LIFT  BRIDGES. 

Bridges   across  the   Cape   Cod   Canal.     44. 
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LOCK-GATES. 

The  distribution  of  stresses  in  mitering  ■ —  ,  with  special   reference  to 

the  gates  of  the  Panama  Canal.     Discussion  by  David  A.  Mohtor. 
1469. 

LOCKS. 

—  not  required  for  Cape  Cod  Canal.     11,  144. 

LOCOMOTIVES. 

—  used   in  measuring   stresses  in   railroad   track.     1242. 

MATHEMATICAL  TABLES. 

"A  Brief  Review  of  Trigonometrical  ■ —  ,  and  a  Contemplation  of  the 
Specifications  for  Trigonometrical  Tables  for  General  Use." 
Virgil  A.  Eberl}'.  753.  Discussion :  William  G.  Raymond,  Horace 
Andrev/s,  and  George  A.  Christensen.     758. 

MEMOIRS  OF  DECEASED   MEMBERS. 

Andrews,   Daniel  Marshall.     1669. 
Bacot,  William  Sinclair.     1671. 
Bergen,   Van   Brunt.     1672. 
Chambers,   Herbert  James.     1674. 
Chittenden,  Hiram  Martin.     1675. 
Clapp,  Otis  Francis.     1679. 
Colb}^   Elmer  Ellsworth.     1680. 
Crandall,  Charles  Lee.     1682. 
Davenport,  James  Aubrej'.     1685. 
Frazee,  John  Hatfield.     1723. 
Gould,  Harry  Madera.     1686. 
Hagar,  Edward  McKim.     1727. 
Hague,  William.     1729. 
Herrick,   Henry  Augustus.     1687. 
Howard,   Joel   Manning.     I73i- 
Howard,  Oliver  Zell.     1689. 
Lamont,   Clarence   Booth.     1691. 
Locke,  Franklin  Buchanan.     1694. 
Lowe,   Jesse.     1697. 
Marple,    William    McKelvcy.     1699. 
Marr,   William   Walter.     1701. 
Mayhew,   Alfred   Boardman.     1703. 
Robertson,  Marshall  Pope.     1705. 
Rohrer,  Grant.     1706. 
Stevens,  Edwin  Augustus.     1708. 
Swanker,  John  Edward.     171 1. 
Tappan,  Roger.     1735. 
Thompson,  Clark  Wallace.     1732. 
Van  Buren,  John  Dash.     1713- 
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\^orce,   Clarence  Browning.     1715. 

Wachtel,  Louis.     1734. 

Wagner,   Bernard   Matthew.     1716. 

Waterhouse,  John.     1718. 

VVelton,  Nelson  James.     1736. 

Whittemore,    Don   Juan.     1653. 

Wright,   Augustine   Washington.     1721. 

MODELS. 

Hydraulic  and  other  —  .     1140,  1149,  1156,  1165. 

MORTARS. 

"Specifications  and  Methods  of  Tests  for  Portland  Cement."     166. 

NICKEL  STEEL. 
5"^^  STEEL. 

PAVEMENT. 

Asphalt   pavements.     1391,    1399,    1412. 

Definitions  of  highway  engineering  terms.     1420  et  seq. 

"Final  Report  of  the  Special  Committee  on  Materials  for  Road  Con- 
struction and  on  Standards  for  Their  Test  and  Use."  (With  Dis- 
cussion.)     1384. 

Stone  block  pavements.     1391,   1414. 

Wood  block  pavements.     1391,  1416. 

PENSTOCKS. 

"Air  Tanks  on  Pipe  Lines."     Minton  M.  Warren.     (With  LKscussion.) 

250. 
"Pulsations  in  Pipe  Lines,  as   Shown  by   Some   Recent   Te.^ts."     H.   C. 

Vensano.     (With  Discussion.)     185. 

PIPE. 

"Modern  Practice  in  Wood  Stave  —  Design  and  Suggestions  for 
Standard  Specifications."  J.  F.  Partridge.  (With  Discussion.) 
433- 

PIPE  LINES. 

"Air   Tanks  on  —  ."     Minton   M.    Warren.     (With    Discussion.)     250. 
"Pulsations  in  —  ,  as  Shown  by  Some  Recent  Tests."     H.  C.  Vensano. 
(With  Discussion.)     185. 

POWER  PLANTS. 

"Ice  Diversion,  Hydraulic  Models,  and  Hydraulic  Similarity."  Benja- 
min F.   Groat.      (With  Discussion.)      1138. 


1748  SUBJECT    IxVDEX 

PRESERVATION  OF  TIMBER. 

Preservatives  for  wood  blocks.     1417,  1462. 
Preservatives  for  wood  stave  pipe.     441  et  seq. 
PRESSURES. 

Water  • —  in  pipe  lines.     185. 

RAILROAD  STATIONS. 

Description    of    Diagonal    Station,    Lexington    Avenue    Subway,    New 

York   City.     280,   320. 
—  on  Manhattan  Elevated  Railways.     559,  572,   J22. 

RAILROADS. 

"Progress  Report  of  the  Special  Committee  to  Report  on  Stresses  in 
Railroad   Track."     1191. 

"The  Hell  Gate  Arch  Bridge  and  Approaches  of  the  New  York  Con- 
necting Railroad  over  the  East  River  in  New  York  City."  O.  H. 
Ammann.     (With  Discussion.)     852. 

RAILS. 

"Progress  Report  of  the  Special  Committee  to  Report  on  Stresses  in 
Railroad  Track."     iiyi. 

RAINFALL. 

Effect  of  —  on  water  storage  in  San  Bernardino  Basin,  California. 
802  cf  scq. 

REINFORCED  CONCRETE. 

Final  report  of  the  Special  Committee  on  Concrete  and  —  .  Discussion 
by   L.  J.   Mensch  and  others.     1541. 

REPORTS  OF  COMMITTEES. 

Final  report  of  the  Special  Committee  on  Concrete  and  Reinforced 
Concrete.  Discussion  by  L.  J.  Mensch,  G.  S.  Bergendahl,  E.  S. 
Martin,  W.  K.  Hatt,  Charles  F.  Marsh,  Clinton  S.  Bissell,  J.  R. 
Worcester,   and  F.   E.   Turneaure.     1 541. 

"Final  Report  of  the  Special  Committee  on  Materials  for  Road  Con- 
struction and  on  Standards  for  Their  Test  and  Use."  W.  W. 
Crosby,  H.  K.  Bishop,  A.  H.  Blanchard,  A.  W.  Dean,  N.  P.  Lewis, 
C.  J.  Tilden,  and  G.  W.  Tillson.  1384.  Discussion:  E.  Dow 
Gilman  and  J.   O.   Preston.     1466. 

"Progress  Report  of  the  Special  Committee  to  Report  on  Stresses  in 
Railroad  Track."  Arthur  N.  Talbot,  A.  S.  Baldwin,  G.  H.  Brem- 
ner,  John  Brunner,  W.  J.  Burton,  Charles  S.  Churchill,  W.  C. 
Gushing,  Robert  W.  Hunt,  George  W.  Kittredge,  Paul  M.  LaBach, 
C.  G.  E.  Larsson,  G.  J.  Ray,  Albert  F.  Reichmann,  H.  R.  Safford, 
F.  E.  Turneaure,  and  J.  E.  Willoughby.     1191. 
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"Specifications  and  Methods  of  Tests  for  Portland  Cement."  Alfred 
Noble,  George  S.  Webster,  Richard  L.  Humphrey,  George  F. 
Swain,  Olaf  Hoff,  Clifford  Richardson,  Arthur  P.  Davis.  Asa  E. 
Phillips,   and   Rudolph   Wig.     i66. 

KESERVOIBS. 

"Detention  —  with  Spillway  Outlets  as  an  Agency  in  Flood  Control." 
H.  M.  Chittenden.  1473.  Discussion :  Arthur  E.  Morgan,  Alex. 
Rice  McKim,  T.  Kennard  Thomson,  Adolph  F.  Meyer,  William 
M.  Hall,  Fred.  H.  Tibbetts,  H.  A.  Petterson,  Ivan  E.  Houk.  Ken- 
neth C.   Grant,  and  Morris   Knowles.     1493. 

Repair  of  —  at  Portland,  Ore.     776. 

RETAINING   WALLS. 

—  on   New   York   Connecting   Railroad.     969,   981. 

RIVERS. 

"Detention   Reservoirs  with   Spillway  Outlets   as   an  Agency   in   Flood 

Control."     H.   M.   Chittenden.     (With   Discussion.)     1473. 
Ice  diversion  in  • —  .     1138. 

ROADS. 

Construction  of  earth  and  sand  clay  —  .     1409. 

Definitions  of  highway  engineering  terms.     1420  et  seq. 

"Final  Report  of  the  Special  Committee  on  Materials  for  Road  Con- 
struction and  on  Standards  for  Their  Test  and  Use."  (With  Dis- 
cussion.)     1384. 

Gravel  —  .     1388,  141 1. 

RUN-OFF. 

■ —  in   San   Bernardino  Basin,   California.     819. 

SAND. 

Construction  of  earth  and  —  clay  roads.     1409. 
Tests  of  specific  gravity,  etc.,  of  —  .     1436. 

SAND-JACKS. 

—  used  in   placing  Harlem   River   Bridge.     689. 

SCREENS. 

—  for  grading  sand,  gravel,  and  broken   stone.     1406,    1443. 

SEWERAGE. 

—  in  New  Orleans,  La.,  in  wet  soil.     423  et  seq. 
Use  of  wood  stave  pipe  for  sewers.     436,  481. 
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SHAFTS. 

Elevator  shaft,  Qucensboroiigh  Tunnel.     289. 

SHIP   CANALS. 
See  CANALS. 

SIEVES. 

See  SCREENS. 

SLABS. 

Final  report  of  the  Special  Committee  on  Concrete  and  Reinforced 
Concrete.     Discussion  by  L,.  J.  Mensch  and  others.     1541. 

SOILS. 

"The  Subsidence  of  Muck  and  Peat  —  in  Southern  Louisiana  and 
Florida."     Charles    W.    Okey.      (With    Discussion.)     396. 

SPILLWAY. 

"Detention  Reservoirs  with  —  Outlets  as  an  Agency  in  Flood  Con- 
trol."    H.   M.   Chittenden.      (With   Discussion.)      1473. 

STEEL. 

—  used  in  Hell  Gate  Arch  Bridge.     865,  887,  905,   1033. 

STONE. 

—  for  roads.     1405. 

Tests  of  specific  gravity,  etc.,  of  —  .     1436. 

STRAIN. 

"Stress  Measurements  on  the  Hell  Gate  Arch  Bridge."  D.  B.  Stein- 
man.      (With   Discussion.)      1040. 

STRAIN  GAUGES. 

See  EXTENSOMETERS. 

STRESS. 

Loads  and  unit  stresses.  Hell  Gate  Arch  Bridge.     903,  908,  987. 

"Progress  Report  of  the  Special  Committee  to  Report  on  Stresses  in 
Railroad    Track."     1191. 

" —  Measurements  on  the  Hell  Gate  Arch  Bridge."  D.  B.  Steinman. 
(With  Discussion.)     1040. 

Stresses   in   steel   structures,   Manhattan   Elevated   Railways.     565. 

The  distribution  of  stresses  in  mitering  lock-gates,  with  special  refer- 
ence to  the  gates  of  the  Panama  Canal.  Discussion  by  David 
A.  Molitor.     1469. 
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SUBWAYS. 

"Construction  Problems  of  the  Manhattan-Bronx,  and  Lexington  Ave- 
nue Subway  Junction  and  Queensborough  Tunnel  Connections." 
George  Perrine.  278.  Discussion :  John  Hays  Myers,  Clarence 
E.  Carpenter,  Robert  A.  Shailer,  Robert  Ridgway,  Henry  H. 
Quimby;*  and  C.  V.  V.  Powers.     320. 

SURGE  TANKS. 

"Pulsations  in  Pipe  Lines,  as  vShown  by  Some  Recent  Tests."  H.  C. 
Vensano.     (With  Discussion.)      185. 

SUSPENSION  BRIDGES. 

Comparative  designs  of  cantilever,  continuous  girder,  and  suspension 
types  for  Hell  Gate  Arch  Bridge.     865. 

TANKS. 

See  AIR  TANKS:   SURGE  TANKS. 

TAR. 

Tests  of  bituminous  materials.     1448. 

TIDES. 

—  afifecting  the  hydraulics  of  the   Cape   Cod   Canal.     65. 

TIES. 

"Progress  Report  of  the  Special  Committee  to  Report  on  Stresses  in 
Railroad   Track."     1191. 

TIMBER. 

"Modern  Practice  in  Wood  Stave  Pipe  Design  and  Suggestions  for 
Standard  Specifications."  J.  F.  Partridge.  (With  Discussion.) 
433- 

TRACK. 
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